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Synopsis ---- 2 

SYNOPSE 

A description and discussion of methods of determining particle 

size, particularly with reference to their adaption tc suspended sediment 

samples, occupir2s the major portion of this report. 

The size determination of fine-grained materials, i.e., particles 

smaller than about 1/16 mm., is based almost entirely upon fall velocities 

in a fluid, the relation of fall velocities and fluid properties being 

interpreted in terms of particle diameters by Stokes1 law. Convenient 

graphical methods for calculating particle diameters from the observed 

fall velocities and fluid properties are presented for conditions where 

Stokes' law does and does not apply. The review reveals that the greater 

number of the present methods are not sufficiently sensitive and accurate 

for analyzing suspended sediment samples of very low concentrations. The 

need for development of rapid, accurate, and reliable methods adaptable 

to mass analysis of suspended sediment samples is apparent. 

Although sieving has been the common method for analyzing coarse 

sediments, a number of hydraulic separation methods have been devised 

that appear promising. Further developmentof these settling rate methods 

is needed in this country, for, as emphasized in the report, a diameter 

calculated from a fall velocity is generally more valuable in sediment 

studies than a sieve diameter or a direct physical measurement. 

The methods of analyzing sediment samples for total solids concen- 

tration are also described and discussed; first, as separate independent 

procedures and then in relation to size analysis methods. Several 

relatively new methods, advantageous to use with certain types of sediment 

samples, are presented. 



3 Synopsis 

Procedures for a number of the more common methods of particle size 

a.nd total concentration analysis, as used by various agencies, are 

described in detail in the appendix. Applicable standard procedures of 

the American Society for Testing Materials are indicated. 

h extensive bibliography is given, classified by subjects as well 

a s  by authors, in alphabetical order. 
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METHODS OF ANALYZING SEDIMENT SAMPLES 

I.  INTRODUCTION 

1. Purpose of report--A c r i t i c a l  i n spec t ion  of t he  p re sen t  s t a t u s  

of sediment a n a l y s i s  i n  t h e  United S t a t e s  r e v e a l s  a l a c k  of s tandardiza-  

t i o n  of l a b o r a t o r y  methods and technique, p a r t i c u l a r l y  i n  t h e  determina- 

t i o n  of p a r t i c l e  s i z e s .  This  condi t ion  has prompted a  s tudy i n  an e f f o r t  

t o  promote o r  a i d  i n  a s t anda rd iza t ion  of procedure and technique of t h e  

va r ious  Government agencies  engaged insediment  work so  thatmore analogous 

d a t a  w i l l  be  secured. 

More e x p l i c i t l y ,  t h e  purpose of t h i s  r e p o r t  i s  t o  d e s c r i b e  and d i s -  

cuss methods of determining t o t a l  sediment concent ra t ion  and p a r t i c l e  

s i z e s  i n  samples of suspended sediment, bed-load, and depos i ted  bed 

ma te r i a l .  A s  a review it has the  fo l lowing  ob jec t ives :  

a.  To present  information from a l a r g e  number o f s c a t t e r e d  
r e fe rences  so a s  t o  be r e a d i l y  a v a i l a b l e  t o  o t h e r  workers. 

b. To analyze e x i s t i n g  methods as t o  t h e i r  a p p l i c a b i l i t y  
t o  sediment samples, a  sub jec t  t h a t  i s  n o t  complete i n  e x i s t i n g  
l i t e r a t u r e ,  

c .  To e l imina te  poss ib l e  r e p e t i t i o n  of e f f o r t ,  par t icular ly 
i n  methods of p a r t i c l e  s i z e  a n a l y s i s ,  by prosent inq t h e  g r e a t  
number of i deas  t h a t  have been developed. 

d .  To be t h e  foundat ion f o r  t h e  deve lopmen to fa  s a t i s f a c -  - 
t o r y ,  r a p i d  l a b o r a t o r y  procedure f o r  ana lyz ing  t h e  low concen- 
t r a t i o n s  usua l ly  e x i s t i n g  i n  suspended sediment samples. 

This  r e p o r t  t ends  i n  no way t o  d e t r a c t  from t h e  e x c e l l e n t  reviews 

of p a r t i c l e  s i z e  ana lys i s  methods presented by Gessner (37),  Ksumbein (60) , 

Heywood (46) ,  Rubey (94), Oden (66), and Keen (53).  These reviews were 

presented l a r g e l y  f o r  t h e i r  va lue  i n  t h e  f i e l d s  of s o i l s ,  geology, and 
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mining with no spec i f i c  reference t o  t h e i r  adaptation t o  the  problems of 

sediment analysis ,  pa r t i cu la r ly  not t o  the  ana lys i s  of the low concentra- 

t i ons  of suspended sediment samples. A ce r t a in  r epe t i t i on  of review w i l l  

be apparent, but  t h i s  is  necessary t o  make t h i s  study complete and t o  

substant ia te  the  evaluation of methods f o r  sediment analysis .  

2. Purpose and scope of present investigation--The study of labora- 

to ry  methods presented herein i s  one phase of a j o in t  project  conducted. 

by a number of Government agencies t o  study the  equipment, the  f i e l d  

technique, and the  laboratory procedures involved i n  sediment investiga- 

t ions .  Pa r t i cu l a r  emphasis i s  given t o  the  measurement of suspended 

sediment. Other repor t s  of t h i s  cooperative p ro jec t  are: 

Report No. 1--"Field Pract ice  andEquipment Used i n  Sampling 
Suspended Sediment;'! a review of sediment invest igat ions  wnich 
presents and disc;sses the various methods of se lec t ing  the  
v e r t i c a l s  t o  be sampled i n  a stream sect ion,  the methods of 
se lec t ing  the  sampling points i n  a v e r t i c a l ,  and the considera- 
t ions  i n  determining the  frequency of sampling the par t i cu la r  
stream sect ion;  and which describes,  c l a s s i f i e s ,  and discusses 
the  numerous suspended sediment samplers. 

Report No. 2--ItEquipment Used f o r  Sampling Bed-Loadand Bed 
Material;" a review and c l a s s i f i c a t i on  of the  various types of 
equipment. 

Report No. 3--"Analytical Study of MethodsofSampling Sus- 
pended Sediment;" an analysis  o f t h e v a r i o u s  methods of sampling 
a stream v e r t i c a l ,  based on sediment d i s t r i bu t i on  a s  indicated 
by the  theory of turbulence. 

Report No. 5--"Laboratory Invest igat ions  of Suspended Sedi- 
ment Samplers;" presents the  r e s u l t s  of an experimental study 
of the  e f f e c t  of sampling act ion upon sediment concentration, 
of deposit ion i n  instantaneous t r a p  samplers, of l o s s  i n  trans- 
f e r r i n g  samples from samplers with non-removable containers,  
and of the  f i l l i n g  cha rac t e r i s t i c s  of a number of slow-fi l l ing 
samplers. 

3. Authority and personnel--The comprehensive program of which t h i s  
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r e p o r t  i s  a p a r t ,  i s  conducted by the  informal cooperat ion of t he  U .  S. 

Geological Survey, Indian Se rv i ce ,  Bureau of Reclamation, Department of 

Agr icu l ture ,  Corps of Engineers,  Tennessee Valley Authori ty ,  and the  Iowa 

I n s t i t u t e  of Hydraulic Research. The i n v e s t i g a t i o n  is  be ing  conducted a t  

t h e  Hydraulic Laboratory o f t h e  Iowa I n s t i t u t e  of Hydraulic Research, S t a t e  

Univers i ty  of Iowa, Iowa C i ty ,  Iowa, under t h e  supervis ion of Professor  

E.  W.  Lane. Engaged on t h e  p r o j e c t  as r ep resen ta t ives  of t h e i r  respec t ive  

cooperat ing Government agencies  a re :  Vernon J .  Palmer, S o i l  Conservation 

Service;  Cleveland R e  Horne, Jr., Engineer Department; Vic tor  A .  Koelzer, 

Geological Survey; Clarence A .  30~11, Tennessee Valley Authori ty;  and 

P h i l i p  M .  Noble, and Donald E. Whinehart, who succeeded M r .  Noble, Bureau 

of Reclamation. This r e p o r t  was edited by Martin E.  Nelson, Engineer i n  

charge of t he  U. S. Engineer Sub-office,  Iowa City,  Iowa. 

The personnel o f t h e  U. S. Engineer Sub-office,  Iowa C i ty ,  and of the  

Hydraulic Laboratory of t he  Univers i ty  of Iowa, a s s i s t e d  i n  t h e  adminis- 

t r a t i v e  d e t a i l s ,  the t e s t i n g  program, and i n  t he  prepara t ion  of r epo r t s .  

Professor  Hunter Rouse reviewed c r i t i c a l l y  the  pa r t  of t h i s  r epo r t  con- 

cerning the  f a l l  of p a r t i c l e s  i n  f l u i d s .  A number of the i l l u s t r a t i o n s ,  

p a r t i c u l a r l y  of t h e  o lde r  s i ze -ana lys i s  appara tus ,  were secured from 

W .  C .  Krumbeinls and F. J . P e t t i  j ohnt s il;lanucll of Sedimentary Petrography, t 1  

publ ished by D .  Appleton-Century Co., New Yorlc i n  19E8, and from H. 

Gessne r t s  I1Die Schlammanalyse," Leipzig,  1931. Appreciat ion i s  expressed 

f o r  t h e i r  use i n  t h i s  r e p o r t .  The cooperat ion of a l a r g e  number of 

agencies  i n  supplying ma te r i a l  f o r  t h i s  study i s  g r a t e f u l l y  acknowledged. 

D r .  Gordon Rittenhouse of t he  Sedimentation Divis ion of the  S o i l  Conser- 

v a t i o n  Service under t h e  Department of Agr icu l ture  furn ished  t h e  supple- 

mentary bibl iography which i s  included i n  t he  appendix of t h i s  r e p o r t .  
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11. NATUW OF PROBLEM 

4. Character of samples--In a discussion of methods of analyzing 

sediment samples it i s  necessary t o  consider the  t h r e e  general  types of 

samples t h a t ,  because of t h e i r  indiv idual  na ture ,  w i l l  a f f e c t  the  choice 

o f  labora tory  methods f o r  determining t o t a l  concentration and p a r t i c l e  

s i z e s .  These types are:  suspended load, bed-load, and deposi ted material  

samples. 

Suspended load samples, obtained pr imar i ly  t o  secure a measure of 

t h e  s o l i d s  being transported i n  suspension by flowing water,  cons i s t  

necessa r i ly  of a given volume of water and sediment. The labora tory  

problem i s  t o  separa te  the  sediment from the  water, before o r  a f t e r  a 

p a r t i c l e  s i z e  determination has been made, genera l ly  by an i n d i r e c t ,  sed- 

imentation method, i n  order  t o  secure a f i g u r e  represent ing  the  t o t a l  

s o l i d s  being transported per u n i t  volume of water, and, i f a  s i z e  ana lys i s  

has been made, theamount of sediment of various s i z e s  being ca r r i ed .  The 

s o l i d s  concentrat ion of t h i s  type of sample i s  inherent ly  low and the  

sediment i s  f ine-grained because only mater ia l  ca r r i ed  i n  suspension i s  

secured. 

Bed-load samples a r e  obtained f o r  the  purpose of determining the  

amount of ma te r i a l  being t ranspor ted  per u n i t  time along t h e  bed of a 

stream. Sand and gravel  a r e  co l l ec ted  i n  r e l a t i v e l y  l a r g e  q u a n t i t i e s  

t h a t  permit easy drying and weighing f o r  a t o t a l  s o l i d s  determination and 

t h e  app l i ca t ion  of rapid methods, such a s  s ieving,  f o r  p a r t i c l e  size 

a n a l y s i s .  

Deposited mate r i a l  samples a r e  secured f o r a  number of reasons. Com- 

pactness  o r  volume-weight r e l a t i o n s h i p  and the  charac ter  of the  mater ia l ,  
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which inc ludes  p a r t i c l e  s i z e ,  shape, and composition, a r e  p a r t i c u l a r l y  

a s s o c i a t e  with sediment i n v e s t i g a t i o n s .  The former r equ i re s  the  col lec-  

t i o n  of an undisturbed sample of known volume. The p r a c t i c a l  s i z e  of 

such samples provides an abundance of ma te r i a l  f o r  p a r t i c l e  s i z e  a n a l y s i s  

and permits ,  i f  des i r ed ,  a r e p e t i t i o n  of the  a n a l y s i s .  From t h e  stand- 

p o i n t  of both f i e l d  and l abora to ry  methods, deposi ted sediment i s  logi -  

c a l l y  divided i n t o  two types:  (1 )  m a t e r i a l  such a s  sand and g rave l  t h a t  

i s  n o t  coherent ,  and ( 2 )  m t e r i a l  t h a t  i s  coherent  such a s  s i l t s  and 

c l a y s .  F i e l d  sampling equipment n e c e s s a r i l y  v a r i e s  f o r  these  two types 

of m a t e r i a l  a s  do the  l abora to ry  methods f o r  determining t o t a l  q u a n t i t y  

of d r y  s o l i d s  and. p a r t i c l e  s i z e s .  A s  with o the r  gene ra l  types of sediment 

samples the  s i z e  a n a l y s i s  becomes more d i f f i c u l t  2s the  p a r t i c l e s  decrease 

i n  s i z e  but f o r  deposi ted m a t e r i a l  t h e  problem i s  l e s s  acu te  than f o r  

suspended sediment because l a r g e r  samples a r e  obta ined .  

Of t h e  t h r e e  types of samples described,  t h e  suspended sediment 

sample presents  t h e  g r e a t e s t  problem due t o  the  very  low concent ra t ions  

t h a t  g e n e r a l l y  e x i s t ;  o r d i n a r i l y  below 0.2 per  cen t  o r  2000 p.p.m. and 

o f t e n  as low a s  0.02 per  cen t  o r  200 p.p.m. With these  concent ra t ions ,  

a  l i t e r  sample, which i s  l a r g e r  than t h a t  o r d i n a r i l y  secured with present  

-suspended sediment samplers,  contains only from 2 t o  0.2 gm., r e spec t ive ly ,  

of s o l i d s .  The d i f f i c u l t y  of accura te ly  sepa ra t ing  these  small  amounts 

i n t o  p & r t i c l e  s i z e  ranges without  excess ive ly  labor ious  procedures i s  

obvious. This  may be overcome t o  some ex ten t  by combining a number o f  

samples o r  by securing a l a r g e  sample by pbmping. However, t h e  volume t o  

handle becomes excess ive ,  p a r t i c u l a r l y  f o r  t h e  l a t t e r ,  and the  procedure 

i s  complicated f u r t h e r  by t h e  very  low s e t t l i n g  r a t e s  of f i n e  mater ia l  
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r e q u i r i n g  long  s e t t l i n g  per iods  before  t h e  c l e a r  l i q u i d  can be removed. 

With suspended sediment samples and f ine-gra ined  depos i ted  m a t e r i a l  

samples t h e  c o n t r o l  of f l o c c u l a t i o n  i s  a fundamental cons idera t ion  i n  t h e  

s i z e  a n a l y s i s  procedure because sedimentat ion methods a r e  gene ra l ly  used.  

The ques t ion  a r i s e s  wi th  e i t h e r  of  t h e s e  types  of f ine-gra ined  sediment 

as t o  whether t h e  sample should be d r i e d  f o r  a t o t a l  s o l i d s  de te rmina t ion  

and then  r ed i spe r sed  f o r  t h e  s i z e  a n a l y s i s  o r  whether t h e  s i z e  determina- 

t i o n  should be t h e  f irst  cons ide ra t ion .  To r e t u r n  t h e  sediment t o  i n d i -  

v i d u a l  g ra ins  a f t e r  dry ing ,  by chemical ahd mechanical d i spe r s ion ,  i s  

o f t e n  a d i f f i c u l t  procedure. 

5. Character  of p a r t i c l e s - - I t  i s  impossible  t o  s t a t e  t h e  l i m i t s  of 

p a r t i c l e  s i z e  f o r  e i t h e r  bed-load o r  depos i ted  sediment samples, p a r t i c u -  

l a r l y  t h e  l a t t e r ,  as depos i ted  m a t e r i a l  may inc lude  c l a y  o r  g rave l  o r  any 

in t e rmed ia t e  g rada t ion .  The methods of a n a l y s i s  must be  somewhat v a r i a b l e  

and f l e x i b l e  t o  handle such ranges i n  s i z e .  General ly ,  t he  bed-load w i l l  

be  sand and coarse  m a t e r i a l  which l e n d s  i t s e l f  t o  s i e v e  a n a l y s i s .  The 

suspended load p a r t i c l e s  gene ra l ly  do n o t  exceed about  0.5 mm. diameter  

wi th  t h e  minimum extending down below 1 micron (0.001 mm.) and i n t o  

c o l l o i d a l  s i z e s .  

Table 1 i s  presented  t o  i l l u s t r a t e  t h e  r e l a t i v e  pos i t i on  of t h e  

p a r t i c l e s  d e a l t  wi th  i n  sediment samples t o  t h e  g e n e r a l  subdiv is ions  of  

ma t t e r .  This t a b l e ,  a s l i g h t l y  modified form of one presented by Truog 

(118) ,  con ta ins  a l i s t  of t h e  p r o p e r t i e s  o f t h e  v a r i o u s  grades of m a t e r i a l  

and r e l a t e d  : information such as l i m i t s  of microscopes and d iameter  of 

pores  i n  v a r i o u s  types  of f i l t e r i n g  m a t e r i a l s .  Ordinary sediment s i z e  
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TABLB 1 

TEZ ~ I V I ~ I O H  or MATTER rn m B~CSULTIIO P B W ) P \ T I L S ( ~ ~ ~ )  

k i l l imete r r  1 0.001 0.0001 0.60001 

Wicronr (u ) 1,000 1 0.1 

Hillimicronr ( M U )  1.000,MX) 1 ,OOO 100 

0 .00  

1 

Relative nlnber 
of p a r t i c l e a  1 109 1012 1o1O 

8 e l a t i v e  surface 
of p a r t i o l e r  1 lo3 lo4 lo6 10' 

4 

C o v u  ' 
@alltier Studied -- 

rurpenrioam 

a. Appearance i n  water Very claw - 
b. Par t i c le8  observed With naked eye - 

E. Bate of settling Quickly or  
orernight  

4. P u t i c l e r  r w u -  With fi1t.r 
a te6  from w t e r  Pap.r 

- - - - - - . . - - - - -. - - - .- 
e. Deten iaa t ion  of - Sfewer. micro- 

p u t i c l e  r i a e r  I :Z:;t?- 
I se t t l i l lg  

Colloidrl  
surpenrionr 

Turbid 

With micro- 
scope 

S l o r l y o r n o t  
a t  all 

With clay 
f i l  term 
- - - 

Wicrorcope, 
centrifu&al 
s e t t l i n g ,  
absorption o r  
dirperr ion of 
l i g h t  

Powder8 and 1. ?om a f t e r  e r q o r a -  
t ion  

Loors powders 

A. Soil  r.psrater 

mm8 - 
L i r i t  of microscope ( u l t r a  v i o l e t  l i g h t )  l 0 0 ~ N  
L i r i t  of ul t rasicrcscope 1 0 ~  H 

Limit of i f i t r a f i l t e r  1 n ~  
Bromian w r e w n t  . t a r t8  a t  about 6 t r  
Mslleter pore8 of hardened f i l t e r  paper 1.5 to 2.2A 
M m e t e r  pore8 of Chsrbrland f i l t e r  0.8 to 0 . 4 ~  
Diameter of bac te r ia  0.6 to 1 . 2 ~  
Diameter of 200-aaah p a r t i o l e s  74 H 

i 

Ult ra  01.~. 

I 

Colloidel 
rolut ionr  

Clem 

with u l t ra -  
miororcaps 

D o n o t u t t l e  

With u l t r a -  
f i l t e r  

Ultra- 
aicroroope. 
u l t ra -  
eentr i-  

0.18 

c lay  
mu EM 

8011 ro la t ion  

I 

Woleculu 
ro lu t ionr  

Clear 

C-t be 
observed 

D o w t r e t t l e  

Hot by f i l t r r  
t ion 

m tn- 
cmtrifu&a 

Cryrtrl.  
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a n a l y s i s  d e a l s  on ly  with t h e  coa r se  suspensions down t o  about  2 microns 

i n  t h a t  d i v i s i o n .  Fur ther  s e p a r a t i o n s  a r e  p r o h i b i t i v e  due t o  the excess ive  

time r equ i r ed  f o r  s e p a r a t i o n  and, f o r t u n a t e l y ,  they  l a c k  p r a c t i c a l  va lue  

i n  o r d i n a r y  hydraul ic  engineer ing  work. 

I t  i s  n o t  t he  purpose t o  e l a b o r a t e  he re  on the  composition and shape 

of  p a r t i c l e s  bu t  t o  p o i n t  o u t  t h a t  t h e r e  i s  more o r  l e s s  v a r i a t i o n  i n  

both  of t h e s e  p a r t i c l e  f e a t u r e s ,  which a r e  dependent upon geologic  

l o c a t i o n ,  t ype  of watershed, type of  stream, and a g r e a t  number of o t h e r  

f a c t o r s .  Since v a r i a t i o n s  do e x i s t ,  which a r e  uncon t ro l l ab l e  and of un- 

known magnitude, except  i n  c e r t a i n  s t reams where ex t ens ive  s tudy  has been 

made, it  i s  reasonable t o  assume t h a t  t o t a l  concent ra t ions  should be ex- 

pressed i n  terms of weight and n o t  volume, and t h a t  sub-sieve p a r t i c l e  

s i z e  should be expressed i n  terms of a common s p e c i f i c  g r a v i t y a n d d i a m e t e r  

based on t h e  f a l l  v e l o c i t y  i n  water .  These l a t t e r  i t ems  w i l l  be d i s -  

cussed more f u l l y  i n  fo l lowing  s e c t i o n s .  

6. Grade s c a l e s  andexpress ion  of p a r t i c l e  s ize--In d i s c u s s i n g  sed i -  

ments it i s  very  d e s i r a b l e  t o  have s tandard  terms which convey d e f + n i t e  

i d e a s  regard ing  p a r t i c l e  s i z e .  Many groups of such terms which have been 

g iven  t h e  name "grade sca les l t  have been proposed ( 6 0 ) ,  t o g e t h e r  wi th  the  

corresponding s i z e  limits. However, only a few of t hese  grade s c a l e s  

have come i n t o  gene ra l  use.  I n  Table 2 i s  given one which was developed 

and has been ex tens ive ly  used by t h e  U.  S. Sureau of S o i l s  i n  t h e  s tudy  

of  s o i l s  from t h e  a g r i c u l t u r a l  s t andpo in t .  This  c l a s s i f i c a t i o n  has a l s o  

been widely used i n  t he  eng inee r ing  f i e l d  i n  va r ious  phases of s o i l  

mechanics. Beginning i n  1938 t h e  d i v i s i o n  between s i l t  and c l a y  was 
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changed by the U. S. Bureau of Soils from 0.005 to 0.002 mm., but it is 

doubtful if this change has been accepted widely in engineering practice. 

Another grade scale which is generally used is that of Wentworth 

which is also giwn inTable 2. It has been extensively used by geologists 

in this cou;,~l.y for the study of sediments, and is now nearly universally 

used by them. It has also been extensively used by engineers in the 

sediment fielz. Two important advantages of \Jentworthts classification 

are that it is based upon s definite class interval,qmm., and its 

division points conform to a standard system of sieves. Thus, its sub- 

divisions fit in readily with the analysis of sizes and size distribution 

characteristics, as developed by bumbein (60) in accordance with the 

principles of statistical analysis, and wlhich are rapidly corning into use. 

One disadvantage of kier!t,wortnts classification is that some of its 

subdivisions cover too wide a range ofparticle size. Prior to Wentv~orth's 

work, Udden (119) proposed subdivisions of the silt and clay sizes which 

also follow intervals of fi mm. using the same outside limits for silt 

and clay as did Wentworth. In his studies of the Missouri River, Straub 

( 121 )  independently subdivided \dentworth's silt class, using the same 

terms and limits as Udden. A modified Wentworth-Udden classification is 

suggested in Table 2, which preserves the Wentworth classification 

throughout but subdivides the silt classification as suggested by Udden 

and Straub and the clay classification as suggested by Udden. The pebbles 

and cobbles are also subdivided into classes, the upper size limit of 

each subclass being l'-2- times the lower limit, as is the case in the 

subdivision of the other classes. 

Since sediment particles are not spheres but are actually of various 



TAELI 2 

W8IFICATIOB Or gEDIHEBTS 011 TfIE BASIS Or PARTICLE SIZE 

Coarse sand Coarse sand 
Medium sand Medium sand 
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shapes and various degrees of angularity, a somewhat arbitrary definition 

of size has been necessary. A common objection to sieves with square 

openings of uniform dimensions is that they determine or express a size 

value that obviously becomes more and more of a misconception of the true 

volume as the particle deviates from sphericity. For materials which 

lend themselves more readily to size analysis by a sedimentation method, 

these deviations from sphericity become of less importance because the 

determination of the actual settling rate of a particle is generally of 

more importance in sediment studies than an exact measure of volume or 

diameter. The common method is to express the settling rate in terms of 

a diameter of sphere of the same specific gravity which will fall at that 

rate. Some workers have even suggested expressing sizes of particles 

directly as fall velocities rather than converting into hypothetical 

spheres. 

7. Organization of material--The material to be presented in this 

report divides itself readily into two main subjects: (1) The determina- 

tion of particle size, and (2) the determination of total concentration. 

Actually, they are related, as pointed out previously, because in the 

final choice of methods they are dependent each upon the other. 

The study of size analysis methods, occupying by far the greatest 

portion of this report, will be presented first. Since the analyses are 

based largely upon the sedimentation rates of the particles, a presenta- 

tion of the laws governing particle fall will comprise the introductory 

part. An effort is made to present this information in readily usable 

graphs and forms with a minimum of theory. The analysis methods adapted 

to fine-grained sediments (below about 1/16 mm.) are discussed separately 
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from those  used f o r  coa r se r  m a t e r i a l .  This i s  l o g i c a l  because of t h e  

d i f f e r e n c e  i n  methods and technique a p p l i c a b l e  t o  each. 

The l a t e r  po r t ion  of t h i s  r e p o r t  i s  devoted t o  d e s c r i p t i o n s  and d i s -  

cus s ions  of  methods f o r  determining t o t a l  sediment concent ra t ion .  

Two important  i t e m  i n  sediment a n a l y s i s  t h a t ,  i n themse lves ,  r e q u i r e  

e x t e n s i v e  d i scuss ion ,  a r e  omitted. They a r e  t h e  problems of f l o c c u l a t i o n  

and d i s p e r s i o n  with methods f o r  t h e i r  c o n t r o l ,  and t h e a c t u a l  p re sen ta t ion  

and i n t e r p r e t a t i o n  of s i z e  a n a l y s i s  d a t a .  P e r t i n e n t  r e f e rences  t o  t h e s e  

s u b j e c t s  a r e  presented i n  t h e  c l a s s i f i e d  bibl iography.  

The appendix inc ludes  d e t a i l e d  l a b o r a t o r y  procedures f o r  t h e  more 

common methcds as used by va r ious  agencies  f o r  both p a r t i c l e  s i z e  and 

t o t a l  concen t r a t ion  de termina t ions .  

The bibl iography,  c l a s s i f i e d  by s u b j e c t  as wel l  as a l p h a b e t i c a l l y  by 

author ,  con ta ins ,  no t  on ly  r e f e rences  r e f e r r e d  t o  d i r e c t l y  i n  t h e  r e p o r t ,  

b u t  a l s o  o t h e r s  p e r t i n e n t  t o  va r ious  phases of t h e  r e p o r t .  
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PART ONE 

FALL OF PARTICLES I N  FLUIDS 

111. RELATION TO PARTICLE SIZE ANALYSIS 

8. Applicat ion of f a l l  v e l o c i t i e s  t o  s i z e  analysis--The methods of 

determining s i z e s  of p a r t i c l e s  below about  1/16 mm. ( o r  approximately 

t h e  200 mesh s ieve)  a r e  b ~ s e d  l a r g e l y  upon t h e  a c t i o n  of t h e  p a r t i c l e s  i n  

f l u i d s .  I n  t h e  mi l l ing ,  ceramic, cement, abras ive ,  and p a i n t  i n d u s t r i e s ,  

t h e  sepa ra t ion  i n t o  va r ious  s i z e  grades i s  f r equen t ly  accomplished i n  a 

r i s i n g  column of a i r .  I n  t h e  f i e l d s  of geology, s o i l s ,  and r i v e r  hydrau- 

l i c s ,  water has been t h e  most common medium, with t h e  separa t ion  accom- 

pl ished i n  e i t h e r  a  s t a t i o n a r y  o r  ascending column. Whatever the  medium 

and whatever t h e  d i r e c t i o n  of flow, t h e  p r i n c i p l e  i s  t h e  same; namely, 

t h a t  p a r t i c l e s  of s i m i l a r  d e n s i t y  tend t o  f a l l  i n  a  given f l u i d  a t  a  r a t e  

t h a t  i s  i n  r e l a t i o n  t o  t h e  s i z e  and shape of t h e  p a r t i c l e .  Since t h i s  i s  

such a  widely used b a s i c  p r i n c i p l e  of s i z e  ana lys i s ,  t h e r e  i s  need i n  

present ing  a  resume of t h e  theory and a  number of the  formulas t h a t  have 

been developed, inc luding graphica l  methods of s o l u t i o n  which permit 

rapid  determinat ion of e i t h e r  f a l l  v e l o c i t y  o r  p a r t i c l e  s i z e ,  depending 

upon which i s  unknown. 

Although, a t  present ,  s i eve  analyses  l a r g e l y  predominate among t h e  

methods of determining s i z e s  of sediment p a r t i c l e s  g r e a t e r  than about 1/16 

mm. diameter,  t he re  a r e  a s  y e t  r e l a t i v e l y  unexplored p o s s i b i l i t i e s  toward 

t h e  development of methods f o r  l a r g e r  s i z e s ,  based upon f a l l  v e l o c i t i e s  

i n  water o r  i n  some l i q u i d  of higher v i s c o s i t y .  There would be d i s t i n c t  

advantages i n  having an e n t i r e  sample analyzed hydrau l i ca l ly  r a t h e r  than 
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by a combination of hydraulic and sieving methods, as the former eliminates 

the rather abrupt break in the size curve that not infrequently results 

when the two methods are combined. Thus, i.tis felt important to present, 

also, the laws that have been developed for the fall of particles greater 

than those considered sub-sieve size. 

The various laws or mathematical expressions which have been developed 

for expressing the relation of particle size to its settling velocity, 

serve as a basis for a large number of size separation methods. Since 

water, with its obvious advantages of abundant supply, low cost, ease of 

handling, and desirable qualities at ordinary temperatures, is, and 

probably will continue to be, the most widely used fluid, the simplified 

expressions and graphical methods of calculation to be presented will be 

limited largely to this medium. 

9. Nature of particle movement--The resistance to motion of a 

particle imnersed in a fluid and settling under its own weight can be any 

one of three distinctly different types of drag (93) : (1) "deformation," 

(2) "surface," or (3) Itform," depending upon the interrelation of the 

characteristics of particle and fluid. Resistance to motion that is due 

entirely to the viscosity of the fluid, the viscous effect extending far 

into the surrounding fluid, is called "deformation" drag. Stokest law 

expresses the fall of particles under such conditions and is applicable 

to relatively small particles falling at low velocities. 

As the fall velocity of a particle increases, inertial effects begin 

to become important and the zone of viscous influence is confined to a 

progressively thinner layer surrounding the particle. The viscous shear 
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within this boundary layer produces the effect termed RsurfaceN drag. 

The law governing such fall must necessarily consider inertial effects in 

addition to viscous effects. 

The third type of resistance, ttformlt drag, occurs when the relative 

fali velocity of the particle, the size and form of the particle, and the 

conditions of the fluid are such that eddies are developed in the wake of 

the particle. A low pressure area behind the particle results in a force 

that opposes the motion. 

The Reynolds number has been advantageously used to determine the 

character of the resistance to motion which exists in a given case and 

so aids in the selection of the proper equation of fall velocity. This 

relation is presented in Section 14. 

A type of motion not previously mentioned is the so-called Brownian 

movement, which applies to minute particles that never settle but rather 

exist in a state of continual molecular agitation. No further mention 

will be made of this type of action because it concerns such small sized 

particles that it is well beyond the range of separation possible in 

ordinary size analyses. 

10. Factors affecting particle fall and definitions of particle 

size--Size, density, and shape affect the rate of fall of a particle in 

a given fluid. Of these, density is the simplest to qualify, while ex- 

pressions or definitions of size and shape tend tobe difficult to develop 

accurat.ely and reliably, especially forthe smaller particles. Obviously, 

the simplest solution would be to assume that each particle is a sphere. 

This has been the trend as evidenced in definitions set forth (130) by 

Schone in 1868, Oden in 1915, and others. Wadell (130) in 1932 summed it 
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up rather completely with the definition, "The sedimentation radius is 

the radius of a sphere of the same specific gravity and of the same 

terminal uniform settling velocity as a given particle in the sedimenta- 

tion fluid." Fortunately, this assumption adapts itself very readily to 

the size analysis of sediments because the sedimentation diameter, cal- 

culated from a settling rate, is more important in most sediment investi- 

gations than a mean particle diameter. It is a function not only of the 

particle volume and density but also the shape which includes surface 

properties. It is a much less difficult value to secure. 

However, the influence of particle shape on fall velocities is im- 

portant and can not be entirely neglected in certain types of analysis. 

There has been considerable study (45, 86, 35, 107, 131) of the shapes of 

particles and the types, origin, and processes producing non-spherical 

form. Also, fairly extensive experimental and analytical studies on the 

effect of s h ~ p e  of particles on fall velocities have been made (46, 33, 

130, 145). This subject is too extensive to do more than indicate the 

sources of information and to present several conceptions for particle 

definition. 

Wadell (128) defined the true sphericity as the ratio of the surface 

of a sphere of the same volume as the particle, to the actual surface area 

of the particle, and analyzed previous experimental data from this stand- 

point, showing significant effect of shape upon settling velocities. He 

developed a practical expression of fall velocity that assumes a hypo- 

thetical particle between a sphere and disk, which, in effect, gives a 36 

per cent reduction in settling velocity over that of a sphere. This is 

discussed in a following section. 
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Neywood ( 4 5 ) ,  i n  a r a t h e r  d e t a i l e d  study of par t ic le  shape, considered 

a  volume cons t an t ,  k , and a  su r f ace  cons t an t ,  f , defined a s  fol lows:  

k = volume of p a r t i c l e  and = su r f ace  of p a r t i c l e  
d 3  d2 

where i s  def ined  a s  t he  diameter  of a  c i r c l e  of a r e a  equal  t o  t he  

pro jec ted  a r e a  of t h e  p a r t i c l e  when placed i n  i t s  most s t a b l e  p o s i t i o n .  

The volume cons t an t ,  & , v a r i e s  from 7 / 6  = 0.524 f o r  a  sphere,  t o  

va lues  of l e s s  than 0 .1 .  Values of 15 and f f o r  p a r t i c l e s  of var ious  

shapes a r e  given i n  F ig .  1. Hejwood has inc luded  t h i s  volume c o e f f i c i e n t ,  

k 9 with  express ions  of f a l l  v e l o c i t y  s o  t h a t ,  i f  an approximate value 

of & can be determined o r  est imated f r o n  observa t ion ,  a  f a l l  v e l o c i t y  

can be ca l cu la t ed  t h a t  tends t o  be more nea r ly  t h e  t r u e  value than i f  t he  

p a r t i c l e  was assuiied t o  be s p h e r i c a l .  This method w i l l  bepresented  l a t e r .  

The fo l lowing  two chap te r s  a r e  devoted t o  a  p re sen ta t ion  and d i s -  

c - ~ s s i o n  of t he  laws of p a r t i c l e  f a l l  wi th in  and ou t s ide  t h e  range of 

S tokes '  law. Graphical  methods f o r  de te rmina t ion  of e i t h e r  f a l l  v e l o c i t y  

i n  water o r  p a r t i c l e  diameter  a r e  presented l a r g e l y  f o r  qua r t z  spheres ,  

w i t h  s p e c i f i c  g r a v i t y  2.65, a  va lue  commonly ass igned  t o  sediment 

p a r t i c l e s .  The s i z e s  of t h e  p a r t i c l e s  considered range from a;~proximately 

1 .00  mm. down t o  0.001 mm. 
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Figure 1 

SHAPE CONSTANTS* 

*Calculated values 'by H. Heywood, Proc. 
Inst. Mech. Engineers, vol. 125, 1933 

1.0C----0.2C13 I 
I I 

0 0.1 0.4 0.5 0.6 
VOLUME CONSTANT k 

Volume constant k = Volume of particle 
(projected diameter of particle)3 

Surface constant f = Surface of particle 

FIG, 1 (projected diameter of partic1e)Z 
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I V .  FALL OF PARTICLES WITHIN TKE RANGE OF STOKES' LAW 

11. Development of Stokes1 law--After an i n i t i a l  a c c e l e r a t i o n  due 

t o  g r a v i t y ,  a  p a r t i c l e ,  i f  of s u f f i c i e n t  s i z e  t o  overcome Brownian move- 

ment, f a l l i n g  i n  a  f l u i d  of s u f f i c i e n t  ex ten t ,  w i l l  a cqu i re  a  constant  

r a t e  of f a l l .  G .  6 .  Stokes i n  1851 expressed t h i s  te rminal  f a l l  v e l o c i t y  

of a  sphere whose f a l l  i s  dependent s o l e l y  upon viscous e f f e c t s  as: 

where v  = ve loc i ty  of fall i n  cm./sec. 

p 1 " dens i ty  of sphere i n  gm./cm. 3 

p 2 = dens i ty  of f l u i d  i n  grn. /~rn.~ 

g = acce le ra t ion  due t o  g r a v i t y  (981 cm./sec./sec.) 

r = r ad ius  of sphere i n  cm. 

P = dynamic ( abso lu te )  v i s c o s i t y  of t h e  f l u i d  i n  dyne-sec./cma2 

The development of this expression was a s  follows: Net downward 

f o r c e  = ( f o r c e  of g r a v i t y  on sphere) - (buoyant fo rce  of l i q u i d ) ,  

Viscous r e s i s t a n c e  t o  f a l l  of a sphere i n  a  f l u i d  = 6Trpv; when t h e  ne t  

downward fo rce  equals  the  viscous r e s i s t a n c e  the  ve loc i ty  of f a l l  becomes 

cons tan t .  Therefore, 

and 
2 (PI - ~ 2 )  gr2 v = -  . . . . . . . . . .  l S t o k e s f  law 
9 , LL. 
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I t  w i l l  be developed l a t e r  t h a t  t he re  i s  a  maximum s i z e  of sphere,  

dependent upon t h e  f l u i d  and type  of p a r t i c l e ,  beyond which t h i s  law 

g i v e s  va lues  of v e l o c i t y  t h a t  a r e  t o o  high o r ,  if v e l o c i t i e s  a r e  known, 

d i ame te r s  t h a t  a r e  too  low, due t o  i n e r t i a l  e f f e c t s  neglected by Stokes.  

12 .  S impl i f i ed  forms and g raph ica l  solution_s_--Since water  i s  t h e  

f l u i d  most commonly used i n  sediment ana lyses  and 2.65 i s  t h e  most widely 

used va lue  f o r  s p e c i f i c  g r a v i t y  of t h e  p a r t i c l e ,  S tokes1  law can be re -  

duced t o  s imp l i f i ed  forms. 

where v  = v e l o c i t y  i n  cm./sec. 

d ' =  diameter  of p a r t i c l e  i n  cm. 

,u = dynamic ( abso lu t e )  c o e f f i c i e n t  of v i s c o s i t y  i n  
d p e - s e e  ./cm. 2 

This  s imp l i f i ed  form i s  made p o s s i b l e  because the  s p e c i f i c  g r a v i t y  

of water  does no t  vary s i g n i f i c a n t l y  i n  t he  ord inary  temperature range 

and can be assumed cons t an t .  

Equation 2 can be changed t o  

where t = time i n  s ec .  

H = d i s t a n c e  of f a l l  i n  cm. 

A g raph ica l  s o l u t i o n  of S tokes1  law, presented i n  F ig .  2 ,  a l lows  a 
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Diameter of ephere - miorons 

FIG. 2 Diameter of' sphere - miorons 
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BdETHOD OF CONVERSION TO OTHER VISCOSITIES 
FOR APPLICATION TO FIGURE 2 

Nomenolature: 

D 3: diameter in miorons 
~ 2 0  and vT = fall velocities in om./min. at 

20° C. and TO C., respeatively 
/UZ0 andpT = aoeffioients of visoosity of 

water at 20O 0. and TO C., reapeotively 
tZ0 an$ tT= time in minutes to fall 10 om. at  

20 C. and TO C., respeatively 

Case I: 2 knotm, de te ru~ine  2~ - 
Gb t a i n  120 froom curve A a ~ d  (x) f ron  table 

A m  f l 2 0  

Case 11: v icnol..m, de terlnine 2 
* A  

Obtain (-) from table. C d c u l a t e  p as 
A a  20 

v a  = AT ( )  Tnen obta in  2 froin cur76 A 
V~ A20 

Case 111: 2 h o r n ,  deternine tiice t o  fa11 10 cm. 
at temp. A m  

Obtain Jm froiu n:rva B and (2) frow table 
A, pa 

Viscoai t , ~  Correc:ioc F ~ c t o r s  
For use with 20° C. curves of ve loc i ty ,  time, 

and diameter deterruined by Stokes1 law. 

IJote: Sfcceem equals  0.010, values oi? c o e f f i c i e n t  of 
rlacosf t y  equal d i v i  deci by 100. 
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rapid and fairly accurate determination of time for a particle to fall 

10 cm. or the determination of settling velocity in water at various 

temperatures and viscosities. 

A rather flexible nomograph of settling velocities, Fig. 3, developed 

by Ostwald (37), allows a rapid determination of fall velocities or pap- 

ticle diameters. It is a convenient graph adapted to a range of viscos- 

ities, and to a range of specific gravities and therefore can be applied 

to fluids and materials other than water and quartz. It is only useful, 

however, for determination in the region where the resistance is due only 

to viscosity. 

13. Assumptions and their sipnificance--The basic assumptions in 

Stokes' law are: 

a. That the particle be spherical in shape. - 

b. That the particle be smooth and rigid, and that there - 
be no slipping between the fluid and surface of the particle. 

c. That the particle be falling at a constant velocity as 
it would in a fluid of unlimited extent. 

d. That the particle be sufficiently large for the fluid - 
to be considered homogeneous in relation to the size of the 
particle. 

e. That the resistance to fall be due only to the viscos- 
ity of the fluid. 

It has been commonly appreciated that sediment particles are not 

spherical in shape and that particle diameters calculated by Stokest law 

frop. a certain velocity of fall are not exact. However, as pointed out 

previously, the diameters obtained are functions of the settling rates 

and, for this reason, are probably more important parameters for studies 

of sedimentation, than the exact diameters. Wadell ( 6 0 ) ,  using the same 



Section 13 34 

Figure 3 I 

NOWGRAPH FOR FALL VELOCITIES OF PARTICLES 
WITIIIN RANGE OF STOKESs LAW 

d=diameter of particle i n  me 

r-radius of particle i n  cm. 
==density of partials i n  gme/coe 
-density oz fluid i n  gme/oa. 

g=acaeleration due to g ~ v i t y ,  
equals 981 om./seo. 

A=abaolute viscosity of fluid 
in  dynss-8ea./am. 2 

v-fa l l  velooity in  ome/seo. 

FIG. 3 
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approach a s  Stokes i n  h i s  o r ig ina l  derivation,  developed a p rac t ica l  

expression which considers the  e f f ec t  of pa r t i c l e  shape. Instead of 

a r b i t r a r i l y  choosing a spher ical  pa r t i c l e  he assumed one having a shape 

between t h a t  of a d i sk  and a sphere and having the viscous res is tance t o  

f a l l  of 9.44 r v instead of 6 r v. Equating t h i s  t o  the ne t  downward 

force  he obtained the expression 

which i s  s imi la r  t o  Stokes' law except f o r  the coef f ic ien t ,  I/?. The 

r a t i o  of Stokes' velocity t o  yp equals 0.64 o r  the e f f ec t  of the 

non-spherical shape i s  t o  reduce the s e t t l i n g  veloci ty  36 per cent.  

Wadell termed zp and I-P the  "prac t ica l  sedimentation velocity" and 

"sedimentation radius,  " respectively.  

Rigidity of form i s  a property of sediment pa r t i c l e s  because of the 

very nature and type of the material .  Smoothness of surface i s  accounted 

f o r  i n  shape and i n  the "sedimentation diameter1' conception. Arnold (60) 

demonstrated t ha t  with a small pa r t i c l e  the e f f ec t  of a p i t t ed  surface on 

f a l l  ve loc i t i e s  i s  negl igible .  A s  f a r  a s  i s  known, no f l u i d  permits 

s l ipping 6etween pa r t i c l e  and f l u id .  Thus, assumption 1 i s  among those 

l e a s t  d i f f i c u l t  t o  s a t i s fy .  

The time f o r  a small pa r t i c l e  t o  a t t a i n  terminal o r  constant f a l l  

veloci ty  i s  negl igible  i n  water. Weyssenhoff (60) determined t h a t  a 

sphere of 0.05 mm. diameter requires  only about 0.003 sec. to  a t t a i n  t h i s  

s t a t e .  Of more consideration a r e  the e f f ec t s  of the nearness of a wall 

on the s e t t l i n g  ve loc i t i es  and the  proximity of other pa r t i c l e s .  For 

p rac t ica l  considerations the e f f ec t  of the nearness o f a  wall  is negligible 
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i n  o rd ina ry  sediment a n a l y s i s  work i f  t h e  diameter  of t h e  s e t t l i n g  tube 

i s  n o t  l e s s  than  2 cm. 

The proximity of p a r t i c l e s  t o  each o the r  o f f e r s  t h e  g r e a t e s t  

cons ide ra t ion  i n  assumption c . Deformation e f f e c t s  extending out  from 

each p a r t i c l e  may in f luence  t h e  f a l l  of ad j acen t  p a r t i c l e s  wi th in  t h e  

zone of i n f luence .  When a  graded m a t e r i a l  e x i s t s  i n  suspension an in-  

c r ease  i n  f l u i d  d e n s i t y  occurs  toward t h e  base of t h e  sedimentat ion tube 

t h a t  t ends  t o  reduce s e t t l i n g  r a t e s  of l a r g e  p a r t i c l e s .  I t  i s  a l s o  con- 

ce ivab le  t h a t  wi th  high concent ra t ions ,  a  group of small  p a r t i c l e s ,  pro- 

ducing a l o c a l i z e d  a r e a  of h igher  dens i ty  than  t h e  s e t t l i n g  medium, may 

tend t o  s e t t l e  as a unit a t  an abnormally high r a t e .  The a c t u a l  d i sp lace-  

ment of f l u i d  a s  t h e  p a r t i c l e s  s e t t l e  may produce v e r t i c a l  c u r r e n t s  t h a t  

i n f luence  s e t t l i n g  r a t e s .  Eddying currer i ts  s e t  up by the  r a p i d  f a l l  of 

l a r g e  p a r t i c l e s  may sesi.ous1y i n t e r f e r e  withthe f a l l  of f i n e r  ones.  High 

concent ra t ion  may a l s o  tend t o  promote f l o c c u l a t i o n .  Krumbein (60) 

e s t i m a t e s  2.5 per  cen t  t o  be about  t h e  maximum al lowable concent ra t ion  

wi thout  s e r ious  i n t e r f e r e n c e  between p a r t i c l e s .  Other workers have in-  

d i c a t e d  t h a t  concent ra t ions  below 1 and 2 per  c e n t  show no apprec i ab le  

e f f e c t .  The maximum concent ra t ion  producing n e g l i g i b l e  e r r o r ,  in a d d i t i o n  

t o  vary ing  with t h e  type  and v i s c o s i t y  of f l u i d ,  w i l l  va ry  with t h e  s i z e ,  

shape, and range of p a r t i c l e  s i z e s  p re sen t .  

The requirement t h a t  t he  p a r t i c l e s  be s u f f i c i e n t l y  l a r g e  s o  t h a t  

t h e  medium may be considered homogeneous i n  r e l a t i o n  t o  t he  s i z e  of t h e  

p a r t i c l e s  o f f e r s  no p r a c t i c a l  d i f f i c u l t i e s .  A l l  p a r t i c l e s  t h a t  w i l l  

s e t t l e  i n  water under t h e  inf luence  of g r a v i t y  a r e  s u f f i c i e n t l y  l a r g e  so  

t h a t  t h i s  assumption i s  f u l f i l l e d .  
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Assumption 2 , namely, t h a t  the  r e s i s t ance  t o  f a l l  i s  due only t o  

t h e  v i s c o s i t y  of the  f l u i d ,  de f ines thg  inaximum s i z e  o f  p a r t i c l e ,  of given 

dens i ty  and i n  a  given f l u i d ,  t o  which Stokes1 law app l i e s .  Above t h i s  

maximum s i z e  i n e r t i a l  e f f e c t s  develop and the  r e s i s t a n c e  t o  f a l l  i s  

g r e a t e r  than t h a t  considered i n  Stokes t  law. 
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V .  FALL OF PAiiTICLES OUTSIDE THE RANGE OF STOKES' LAW 9 

14. Relation to the Reynolds number--The resistance to fall of a 

particle immersed in n fluid has been correlated (93) with the Reynolds 

numbgr to serve as an indication of the character of the resistance. An 

expression for a coefficient of resistance, cD , was first developed 
i 

from Newton's general equation of resisting force: 

1 Resisting force = 5 cD~vZp2 

Gravity force = 4 ~ r 3  (el - P2)g 

where : CD = coefficient of resistance dependent upon the inter- 
relation of the properties of particle and fluid 

A = cross-wction area of the particle 

v = fall velocity of the particle 

p1 and p2 = density of particle and fluid, respectively: 

g = acceleration due to gravity 

For a constant rate of fall: 

The Reynolds number, R = 2rvp2// . . . . . . . . 7 

Corresponding values of CJ and R have been calculated for given 

conditions of particle and fluid, where fall velocities have been deterinined 
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experimental ly i n  a i r  as we l l  as i n  a v a r i e t y  of l i q u i d s ,  and a r e  shown 

p l o t t e d  on logar i thmic  s c a l e s  i n  P ig .  4. 

S u b s t i t u t i n g  f o r  1 i n  the equat ion for  cD , the  v e l o c i t y  expressed 

i n  S tokes1  l a w  r e s u l t s  i n  CD = 2 4 / ~ .  The po in t  of dev ia t ion  of the  

a c t u a l  curve a s  shown i n  F ig .  4 ;'Z.;III t h e  s t r a i g h t  l i n e  t h a t  t n i s  equat ion 

r ep resen t s ,  i nd ica t e s  t h e  development of r e s i s t a n c e  t o  f a l l  g rea t e r  than 

t h a t  expressed by Stokesf  l a w .  Stokes '  law appears i n e x c e l l e n t  agreement 

up t o  R = 0 . 1  and even f a i r  agreement up t o  0.4. For these va lues  t h e  

d iameters  of quar tz  spheres i n  water a t  20° C .  w i l l  be about 0.05 and 

0.08 mm. diameter ,  r e spec t ive ly .  

Reynolds h e r  B 

Fig.  4--Relation of t h e  Reynolds number t o  r e s i s t a n c e  c o e f f i c i e n t .  

Heywood (46) introduces in to  the expression of sD the volume constant  
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k , described previously in Section 10, with values givsn in Fig. 1. 

His formula for cD is 

where D = the mean projected diameter of a particle defined as the 
diameter of a circle having an arse e~ualtothe projected 
nrea of the particle when pla~3d in the most stable 
position. 

For spherical particles k = ?/6 and this reduces to the same formula 

as originally developed. The practical application of Heywood's volume 

or shape factor, k , in determination of velocities or particle 

diameters is described in Section 15 and outlined in Fig. 6. 

From the relation of cD to for spheres the cooperative project 

conducted by the U. S. Soil Conservation Service and California Institute 

of Technology, Pasadena, California, has determined the correct fall 

velocities for quartz spheres, rangingin size from 0.01. mm. uptol.O em., 

in water at temperatures of 0, 10, 20, 30, and 40" C. These values are 

presented in Fig. 5. The curves lend themselves to ready, convenient 

use. The limitations are that they give correct values only for quartz 

spheres in water and do not consider irregularity of shape, do not allow 

the calculation for a different particle density, or permit use with 

other fluids. However, as mentioned before, for many investigations this 

expression of size in terms of sphere diameter determined hydraulically 

is very satisfactory. Heywood (46) developed a comparatively simple 

method of calculating fall velocities or particle diameters in any fluid 

that does allow an estimate of the effect of shape. His aethod will be 

presented in detail. 
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15. Heywood's graphical solution considering particle shape--Heywood 

(46) appreciated that the curve demonstrating the relation of CJ to & 

did not lend itself to a direct determination of velocity or diameter 

because of its dimensionless nature. To make this relation more readily 

usable he developed a practical method of calculating the velocity or 

diameter. His method allows for a consideration of particle shape and is 

adaptable to any fluid and particle where the value ofthe Reynolds number 

does not exceed 1000. The method is based on the relationship of _Se , 
%he true Reynolds number, and Els , the Reynolds number calculated from 
values of velocity or diameter determined by Stokest law. 

and Rs = vgDs pzh . . . . . . . . . . . . . . . . . .  10 

where v and & -- actual values offal1 velocity and particle diameter, 

respectively, and vs and as = values used in Stokest law. 

From these relationships and the expression for SD developed 

previously, the following basic relationships are developed: 

a. When 2 is Imown and 1 is to be determined, - 

for a sphere the shape factor, , equals p/6 and then 

b. When 1 is known and 1 is to be determined, - 
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R U T I O N  of Re to  R~ 

~ t 1 0 1 0 u ~  Reynolds number calculated 

r = t m e  r e l o c l  

De=dl&mete? cslculated by Stokes' l n a  
pz=deneltY of flu14 
,u = c o e f f l c l e n t  of  vlacoelty vf f lu ld  

Csae I :  g horn,  deternitne Ceee 1 Im,  detsrmlne p 
Calculate le (use Flg. 2 o r  7) Calculate ee (use Flg. 2 or 7 )  

p m p e ~  ahape factor pmper ebape factor t 

Calculate I fmm Re = Calculate D Imm Re = 

0 0 100 

Re,TIIUE RFINOLDS NUMBER, A N D  RltTlO (2) 

FIG. 6 
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Mameter in mm. FIG. 7 
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For a sphere, 

Values of CD%/24 were determined from basic experimental data  f o r  

i r r egu l a r l y  shaped pa r t i c l e s  i n  seven d i f f e r en t  mixtures of water and 

glycer ine .  Values of I i s  corresponding t o  values of Re were determined 

from equations 11 and 13  and t h e i r  re la t ionsh ip  i s  shown graphically i n  

Fig.  6 by two s e t s  o f  curves, one f o r  use when D i s  known, the other  

when i s  known. 

I n  addit ion t o  the shape constants given i n  Fig. 1, Heywood (46) 

gives  values of k f o r p a r t i c l e s  having equal length,  breadth, and thick- 

ness,  but of various angula r i t i e s  as: 

Rounded 0.54 

Sub-angular 0.52 

Angular & prismoidal 0.47 

Angular, t e t rahedra l  0.38 
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V I .  SUMMARY OF PART ONE 

16.  Summary--The laws expres s ing  the f a l l  v e l o c i t y  o f s m a l l  p a r t i c l e s  

under t h e  i n f l u e n c e  of g r a v i t y  have been presented ,  because of t h e  

a lmost  exc lus ive  adapta t ion  of s e t t l i n g  r a t e  methods t o  p a r t i c l e  s i z e  

a n a l y s i s  of sub-sieve s i z e  m a t e r i a l .  With t h e  r e c e n t  tendency t o  adapt  

s e t t l i n g  r a t e  methods t o  t h e  s i z e  a n a l y s i s  o f  l a r g e r  p a r t i c l e s ,  f a l l  

v e l o c i t y  informat ion  i s  a l s o  presented f o r  p a r t i c l e  s i z e s  up  t o  1 cm. 

d iameter  . 
I n  a d d i t i o n  t o  t h e  b r i e f  summation of t h e  laws of p a r t i c l e  f a l l ,  

g r aph ica l  methods f o r  de te rmina t ion  of f a l l  v e l o c i t i e s  and p a r t i c l e  

d iameters  a r e  given.  The graphs apply l a r g e l y  t o  t he  f a l l  of qua r t z  

spheres  i n  water  as most sediments have a  s p e c i f i c  g rav i ty  c l o s e  t o  t h a t  

of qua r t z ,  and water  i s  t h e  most widely used f l u i d  i n  sediment a n a l y s i s .  

Most u s e f u l  a r e  the curves i n  Fig.  5 showing t h e  f e l a t i o n  of diameter 

and f a l l  v e l o c i t y  f o r  qua r t z  spheres  vary ing  i n  s i z e  from 0.01 mrn. t o  

13 a t  v a r i o u s  temperatures ,  and t h e  curves  i n  Fig.  2 showing t h e  

r e l a t i o n  of d iameter  t o  S tokes1  v e l o c i t y  and t ime of  f a l l  wi th  a method 

f o r  accu ra t e  conversion t o  v a r i o u s  v i s c o s i t i e s .  Most v e r s a t i l e  i s  t h e  

method devised by Heywood, which i s  shown i n  F ig .  6 ,  a p p l i c a b l e  t o  any 

f l u i d ,  and any type  and shape of p a r t i c l e ,  and t h e  nomograph developed by 

Ostwald adap tab le  t o  d i f f e r e n t  types  of f l u i d s  and part ic les ' ,  which i s  

shown i n  F ig .  3. 

Although t h e  shape of a  p a r t i c l e  a f f e c t s  i t s  f a l l  v e l o c i t y ,  it has 

been pointed o u t  t h a t  t h e  sedimentat ion d iameter  i s  g e n e r a l l y  more 

important  i n  sediment a n a l y s i s  than  a  mean d i ame te r .  Consequently, t he  
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diameter of a hypothetical sphere that would fall at the same rate as the 

particle, has proved to be the most significant parameter to use. 

When the shape of particle is an important consideration the method 

devised by Heywood is applicable when the Reynolds number does not exceed 

1000, The basis ofthe method is a relationship between a Reynolds number 

calculated by using values of diameter and velocity from Stokes' law to 

the true Reynolds number. The only direct expression available for 

application to non-spherical particles is one by Wadell that differs from 

Stokes' law only by the coefficient, giving values of velocity for similar 

particles 36 per cent lower. The basic assumption was a hypothetical 

particle with a shape between that of a disk and a sphere. 

The diameter of the sedimentation cylinder and the concentration of 

sediment have been pointed out to be important considerations when the 

sedimentation method of size analysis is used. However, if greater than 

2 or 3 cm. and if less than 1 or 2 per cent, respectively, they produce 

no serious effect on fall velocities. 

The greatest restriction placed upon the application of Stokes1 law 

is that the resistance to fall must be due only to the viscosity of the 

fluid. This condition is fulfilled only so long as the Reynolds number 

is less than about 0.1, since beyond that limit inertial effects begin to 

influence the resistance. 
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PART TWO 

METHODS OF PARTTCLE SIZE ANALYSIS FOR FINE-GFLAINED SEDIMENTS 

VII. STATEMENT OF PROBLEM 

17. Coarse and fine sediments--Although there is no exact size 

which can be logically selected as a division point between coarse and 

fine sediments, there is a natural division point at about the 1/16 mm. 

size, which is very important in many phases of sediment transportation 

and deposition. For example, approximately this size; forms the division 

point between sand and silt, the upper size limit of particles which 

settle according to Stokest law, the lower size limit of particles which 

can be determined by sieves, the upper size limit of particles usually 

fouad relatively uniformly distributed in suspension in flowing water, 

the lower size limit of particles usually found in large quantities 

on the bed of flowing streams, and the upper size limit of particles 

which may be readily sampled with simple apparatus when flowing in 

suspension. 

In the past routine size analyses of sediments smaller than 1/16 mm. 

have been made by settling in water and larger sizes by someothe~ method, 

usually by sieves. Thehigh settling rates of the larger particles cannot 

be measured with sufficient accuracy in most forms of sedimentation 

apparatus. In fact, even for sizes of about 1/16 mrn. the fall velocity 

is too fast for accurate work in some of the standard methods; therefore, 

sieves are usually preferred. 

Since many sediments contain a wide range of particle sizes and no 

one method can be used conveniently for the analysis of the whole range, 
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it is customary to separate the sample into coarse and fine fractions and 

analyze them separately. The divisicn point which is most convenient for 

sueh a separation will depend upon the nature of the data desired and the 

apparatus available. In many cases in the past a separation at the 200- 

mesh sieve (0-074 mm.) has been made because this was the finest sieve 

available. If the material is to be divided into fractions composed of 

the classes in some grade scale, the screen representing the division 

point between sand and silt can conveniently be used. It will generally 

be found desirable to make this separation by sieving rather than by 

sedimentation methods. 

Successful performance of any sedimentation method depends upon the 

existence of the sediment as individual particles and in accordance with 

their original natural condition. Aggregation, which tends to occur if 

the sample is predried, and flocculation, which may occur during a 

sedimentation period with only slight changes in settling conditions, are 

actions that must be avoided or the analysis may be worthless. The 

difficulties in accomplishing and maintaining the sediment in a properly 

deilocculated condition increases with decrease in particle size and 

becomes a serious problem in the size analysis of fine material. 

18. Outline of methods--Since sediment material is generally in a 

suspension medium, a size separation method based upon the fall of the 

particles in that medium will be, not only the most readily adapted 

separation principle, but will also maintain the particles in more or 

less their natural, individual state. Of practical engineering importance 

will be the resulting expression of size in relation to actual fall 
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velocity. Consequently, routine size analyses of fine-grained sediments 

are accomplished practically entirely by methods based on settling rates 

in water. Stokesf law, stating that the fall velocity due to gravity is 

proportional to the square of the diameter, has been used almost exclu- 

sively for conversion of fall velocities to diameters, regardless of the 

type of sedimentation method. The exception is the centrifugal method 

where the settling force is a function of the rotor speed and distance 

from the axis of rotation. 

Direct measurement of the size of fine-grained material through the 

aid of microscopes has been largely replaced by more rapid sedimentation 

methods. Its present usage is confined, for the most part, either to 

checking the more rapid but indirect methods, or determining accurately 

particle sizes in sp~cial experimental studies. The discussion of this 

method in the report will be brief; the references indicated in the 

classified bibliography will give more detailed information. 

The sedimentation methods and apparatus are numerous, and many are 

ingeniously designed. The more important are presented as follows in an 

order which is in no sense their order of importance, use,or adaptability 

to the analysis of fine sediments, but represents a grouping based 

somewhat on the principle of measurement: 

a. Decantation - 
b. Elutriation with water - 
c. Elutriation with air - 
d. Accumulative sedimentation - 
e. Fractional sedimentation - 
f, Pipette - 
g. Hydrometer 
h. Manometer - 
i. Plummet - . Centrifugal 
k. Optical - 
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Less common i n  t h e i r  app l i ca t ion  t o  the  s i z e  ana lys i s  of sediments 

are the  methods; 

1. F i l t r a t i o n  - 
m. Tyndall e f f e c t  - 
n. X-Ray - 
o. Al ternat ing e l e c t r i c  f i e l d s  - 
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PRESENTATION OF METHODS 

19. Microscopic--Direct measurement of sizes of particles by micro- 

scopic methods is the most widely used check of particle sizes obtained 

through indirect sedimentation methods. Although preferred by geologists 

because it is less subject to uncertainties of analysis than sedimentation 

methods, the microscopic method has had several objectionable f~atures 

that limit its application to sediment samples. It requires the measure- 

ment of a relatively large number of particles, often a laborious 

procedure, if accurate results are to be obtained. A value of diameter, 

secured by me8surements of exposed diameters or exposed area, may be 

significantly different from the sedimentation diameter which has been 

emphasized as being, generally, the most important parameter in ordinary 

sediment investigations. 

The common methods of microscopic measurement are: 

a. Measurementof diameter or diameters through micrometer - 
eyepieces having an engraved scale. 

b. Measurement of the exposed area through micrometer - 
eyepieces having an engraved grid. 

c. Measurement of the particle image, i.e., diameter or - 
area, by projection on a screen. 

d. Measurement of the particles on a photomicrograph. - 

A representative diameter determined by a microscopic method, whether 

direct or from measurement of the projected image, or from a photographic 

plate, is usually determined by one of the following methods of measure- 

ment and calculation: 

a. Arithmetic mean of exposed diameters. - 
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b. Arithmetic mean of exposed diameters and an estimated 
thirdiame ter . 

c. Intermediate diameter only. - 

d. Maximum horizontal intercept through a grain. - 

e.  Area of projected image and calculation of a diameter - 
considering the particle a sphere. 

f. Sarmonic mean, 3abc -+ (ab + ac + bc), where a = long- - 
est diameter, b = intermediate diameter, and c = shortest 
diameter. 

g. Geometric mean of longest and shortest diameter, .fE. 

h Geometric mean of two exposed diameters and an esti- 
mated-third diameter, 3&. 

Of these, the measurement ofhorizontal intercepts is the most rapid, 

When particle surface is important the harmonic mean is the most logical 

to use because the diameter secured is 'related to the surface per unit 

weight of the material (72). 

The data from microscopic measurements are in the form of numbers of 

grains of certain size rather than a weight or volume figure for a large 

number of grains as results from the usual sedimentation methods. The 

analysis of the microscopic data and interpretation interms of comparable 

size grades is most satisfactorily accomplished by statistical methods. 

The development of a sufficiently rapid microscopic method to be 

practicable for the analysis of large numbers of suspended sediment 

samples is being studied by the Sedimentation Division of the Soil Con- 

servation Service. Promising results have been obtained, but the work is 

not sufficiently complete to justify publication. 

20, Decantation--In the decantation method the sediment is dis- 

persed uniformly throughout the sedimentation medium and then, after a 
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c e r t a i n  period of time, t h e  l i q u i d  i s  decanted t o  a  c e r t a i n  depth .  A l l  

p a r t i c l e s  w i t h a f a l l  v e l o c i t y  exceeding a c e r t a i n  va lue  w i l l  have s e t t l e d  

p a s t  t h e  e l e v a t i o n  of decan ta t ion  and w i l l  remain i n  t he  s e t t l i n g  tube. 

However, i n  a d d i t i o n  t o  t h e s e  l a r g e r  p a r t i c l e s ,  many p a r t i c l e s  t h a t  

d i d  n o t  have t o  s e t t l e  from t h e  t o p  o f  t h e  column, have a l s o  s e t t l e d  past 

t h e  po in t  of decanta t ion ;  Therefore,  repeated decan ta t ions  a r e  requi red ,  

t h e  number depending upon t h e  accuracy of s epa ra t ion  d e s i r e d  t o  reduce 

t h e  amount of f i n e r  m a t e r i a l  t o  a n e g l i g i b l e  q u a n t i t y .  Table 3 shows t h e  

percentages of sma l l e r  s i z e s  remain ingin  the  sedimentation c y l i n d e r  a f t e r  

one t o  n i n e  decanta t ions .  

TABLE 3 

PERCENT4GE OF SMALLER PARTICLES REMAINING I N  SEDIMENTATION CYLINDER 
AFTER A CERTAIN NUMBER OF DECANTATIONS 

The decanta t ion  method has anumber of f e a t u r e s  t h a t  make it e s p e c i a l l y  

f avo rab le  i n  t h e  a n a l y s i s  of t h e  f ine-grained sediments, p a r t i c u l a r l y  

1 

Number of 
decanta- 

t i o n s  

1 
2 
3 
4 
5 

6 
7 
8 
9 

Percentage of smal le r  p a r t i - c l e s  remaining a f t e r  a  cer-  
t a i n  number of decanta t ions  f o r  p a r t i c l e  s i z e s  expressed 
a s  t he  r a t i o s  of the  s e t t I i n g  r a t e s  of t h e  sma l l e r  par- 
t i c l e s  t o  t h e  s e t t l i n g  r a t e  of t he  s i z e  d e s i r e d .  

Rat io of s e t t l i n g  r a t e s  
0 .1  . 

10 
1 
0 .1  
0.01 
---- 

---- 
---- 
-- - - 
---- 

0.4 

40 
16 

6 
2.6 
1 .0  

0.4 
0.2 
0.07 
0.03 

0.9 

90 
8 1  
73 
66 
59 

53 
48 
43 
39 

0.6 

60 
36 
22 
1 3  

8 

5 
3 
1.7 
1 .0  

0.3 

3 0 
9 
3 
0.8 
0.2 

0.07 
0.02 
---- 
---- 

0.5 

50 
25 
1 2  

6 
3 

1.6 
0.8 
0.4 
0.2 

0.8 

80 
64 
5 1  
41  
33 

26 
21 
17  
1 3  

0 .2  

2 0 
4 
0.8 
0.2 
0.03 

---- 
---- 
-- - - 
---- 

0.7 

70 
49 
34 
24 
17 

12  
8 
6 
4 
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in the analysis of suspended sediment samples. The more important 

features are: 

a. The simplicity of equipment; no special equipment 
other-than that available in an ordinary laboratory is required. 

b. The accuracy and reliability; the accuracy can be con- 
trolled by the number of decantations and, if reasonably care- 
ful technique is used to prevent flocculation, the results will 
be reliable. 

c. Satisfactory with low concentrations; the separation, 
as coKducted, results in the total fraction for each grade be- 
ing available for a weight determination. 

Although it has these advantageous features, the decantation method 

is laborious unless special equipment is devised to carry on the decanta- 

tions more or less automatically. The increased opportunity for floccu- 

lation because of the numerous changes in sedimentation medium is also 

objectionable. 

KuhnI s and Appiani s decantation cylinders ( 6 0 ) ,  shown in Figs. 8 

and 9, respectively, were among the first devices used. Kuhn's device, 

with the side outlet, has been subjected to severe criticism because of 

the extreme unevenness of the withdrawal and the excessive currents that 

may be set up. Appianits tube merits consideration, forits only apparent 

disadvantage is the introduction of sediment prematurely into the 

withdrawal tube during the initial dispersion procedure. Among these 

very early devices should be mentioned the ordinary siphon which probably 

has been the most widely used withdrawal device. 

About 1912 Atterberg (60) devised a side-outlet tube, which is shown 

in Fig. 10. Fig. 11 shows the streamlines for this type of withdrawal, 

which, as discussed in the preceding paragraph, is not satisfactory. 

Sometime before 1921, the U. S. Bureau of Mines devised the 
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Fig. 8--Kuhnrs decantation 
cylinder (before 1890) . 

Fig. 10--Atterberg1s decan- 
tation cylinder (1912). 

Fig. 9--Appianirs decanta- 
tion cylinder (1894). 

- J 

Fig. 11--stredines of with- 
drawal from Atterbergrs 
decantation cylinder. 

FIGS. 8, 9, 10 & 11 
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decantation apparatus shown in Fig. 12 for use chiefly in size analysis of 

clays. As with Rppianits tube the withdrawal is through the bottom. In 

addition to a withdrawal tube through the bottom of the cylinder the 

device included a plunger equipped with n rubber stopper sothat the outlet 

tube in the cylinder could be closed. This feature eliminated premature 

introduction of sediment into the withdrawal tube. 

To facilitate the removal of sediment, Trask (60) devised a sedi- 

mentation cylinder, which is shown in Fig. 13, with a removable cup at 

the bottom. A ground glass joint served as the connecting device. This 

appears to be an advantageous feature if the dispersion technique does 

not require the cylinder to be inverted. 

The decantation apparatus devised by Emery (35) for accomplishing 

one grade separation will be discussed in Section 42 under the methods 

ap2licable to coarse sediments. With some modifications, such as raising 

the withdrawal tube so as to be further from the base of the column, this 

device could be applied to the analysis of the finer-grained sediments. 

The decantation method was adopted for certain rather extensive in- 

vestigations carried on at the Institute of Hydraulic Research, Iowa City, 

Iowa. The simple, siphon-type ??paratus used is shown in Fig. 14, while 

the complete procedure is presented in detail in Appendix A. The short 

sedimentation cylinder was used for the finest separation so that the time 

of fall would not be excessive. The separation into fractions proceeded 

from fine to coarse with three decantations usually found sufficient to 

produce a clear liquid to be siphoned off. 

An automatic decantation apparatus has been developed in Soviet 

Russia. This apparatus, shown in Fig. 15, described by Archangelsky and 
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Fig.  12--U. S. Bureau of Mines 
decan ta t i on  appara tus  

(be fo re  1921) 

F ig .  13--Traskls decantat ion 
cy l inde r  with removable 

base ($930). 

Fig.  14--Decantation apparatus  used a t  t h e  I n s t i t u t e  of 
Hydraulic Research, Iowa Ci ty ,  Iowa, (1938).  

FIGS. 12 ,  1 3  & 14 
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Mi-ahailov ( 7 ) ,  is apparently one of the better and more popular methods 

for size analysis of soils. It allows simultaneous separation in six 

cylinders withan automatic, electric, time control for filling, agitating, 

sedimentation, and emptying. Electromagnets are utilized to actuate 

closing mechanisms for the inlet and siphon tubes. The total time for 

one complete cycle of operation is stated to be only 200 sec. Apparently 

the sedimentation column was quite short. The material separated varied 
0 

from 0.25 to 0.01 mm. in size. 

21. Elutriation methods--The Webster standard dictionary defines 

elutriation as the process of purifying by washing, straining, or 

decanting. 

The common usage in size analysis refers practically entirely to 

separation by rising currents and it will be used in this sense through- 

out this report. The principle upon which the elutriation method is 

based, is that, in rising currents of various magnitudes, a grading is 

accomplished because the particle settling velocity varies with the size 

of the particle. Water and air have been the fluids most widely used; 

the former for analysis of sediments or particles initially immersed in 

water, and the latter for cement and other material in dry powder form. 

22. Elutriation with water--Water elutriators have not been ex- 

tremely popular for making routine size separations of small quantities 

of fine-grained materials. Due to certain limitations that will be dis- 

cussed, their chief value appears to be in the separation of the coarser 

material where somewhat crude separation is satisfactory and temperature 
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and velocity control are not so important. Andrews (4) ,  in discussing 

their use for continuous separation of ground material in the mining in- 

dustry, states that there is no limit to the size of material or separa- 

tion for which they can be used. 

In separation by elutriation, the establishment and maintenance of a 

uniform velocity aver the entire cross section of the tube is the most 

important factor to consider and the most difficult to control. Goldman 

(38) states that the separation of particles less than 0.25 mrn. cannot be 

satisfactorily accomplished by this method because of the difficulty in 

controlling the very low inflow rates. Heywood (46),  on the other hand, 

states that the psoeess of eLuLriation is suitable for grading of sand 

and other heavy particles of sizes 0.20 to 0.01 mrn. 

Baker (15) showed that, with steady, irrotational type of flow, the 

velocity varies over the cross section of a narrow tube, being twice the 

average at the center. 

Boswell (21) sums up the limitations and experimental difficulties of 

the elutriation method in the following factors that may also be limita- 

tions in other methods of separation that will be presented subsequently: 

a. It is difficult to check the separations microscopi- 
cal% not only because of the labor involved, but also because 
the particles tend to Lie in their flattest position, resulting 
in values for diameters tending to be too large. 

b. The density of the material varies to a considerable 
extent. 

c. Temperature control is necessary. - 

d. The use of tap water is risky because it tends to 
induce flocculation. Distilled water should be used, bbt the 
amount needed becomes a serious problem if the material is 
larger than clay size. 
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e. If tap water is used the degree of aeration is often 
such that large air bubbles collect in ths tubing or vessel 
or attach themselves to the individual grains, and with the 
subsequent rise carry off large particles, ruining the analysis. 

f. Bacterial and algal growth in the tubes sometimes up- 
sets the analysis by changing the inflow velocity or by str, earn- 
ing filaments up into the settling tube. Frequent cleaning, 
of course, will eliminate this factor. 

Water elutriation apparatus generally consists either of a single 

tube with the lower portion tapered or of a series of tubes of increasing 

diameter. Mith the former, only one fraction at a time is obtained and 

it is necessary to make a number of runs using different inflow rates. 

The separation with the single tube elutriator proceeds more efficiently 

from fine to coarse than vice versa. The multiple tube devices are oper- 

ated with constant inflow rates and with decreasing velocities from tube 

to tube, resultingin sepnraiiions into size fractions from coarse to fine. 

Shone's and Scl~ulzs's devices, shownin Figs. 16 and 17, respectively, 

represent the simplest elutriators. Hilgardls churn elutriator, shown 

in Fig. 18, is somewhat more complicated being equipped with a small 

paddle wheel device to break up floccules and tc produce a more uniform 

velocity distribution. Kopeckyls multiple tube elutriator, illustrated 

in Fig. 19, accomplished separationofrnaterial into Tour size grades with 

the sample placed in the base of the smallest tube and a constant inflow 

rate maintained. 

Among the earlier devices employing the principle of elutriation was 

Yoderls centrifugal elutriator, shown in Fig. 20, developed in 1904, (251, 

for size separation of fine soil particles below 0.030 mm. in size. During 

the rotation of the centrifuge a constant flow of suspension enters 

at and a suspension of finer material flows out at 2 . The size of 
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L- 
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.g. 15--Russian automatic decantation apparat 'US . 

Fig. 16--Schonets water 
elutriator (1867). 

Fig, 17--Schultzel s water 
elutriator. 

FIGS. 15, 16 & 17 
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Fig. 18--Hilgardt s "churn" 
water elutriator (1873). 

U U 

Fig. 19--Kopeckyls multiple tube 
water elutriator (1901) . 

a. Cross-sectional view of - - b. Cross-sectional view of 
entire apparatus. elutriator bottle. 

Fig. 20--Yoderts centrifugal water elutriator (1904). 

FIGS. 18, 19 & 20 
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m a t e r i a l  remaining i n t h e  s e d i m e n t a t i ~ n  tube i s  dependent upon t h e  r e l a t i v e  

e f f e c t s  of t h e  s e t t l i n g  fo rce  con t ro l l ed  by centri-fuge speed, and t h e  

v e l o c i t y  of the outflowing water  ac t ing  i n  d i r e c t  oppos i t ion  t o  t h a t  fo rce .  

The sedimenta t ion-e lu t r ia t ion  tube,  shown i n  Fig .  20b, i s  tapered so t h a t  

t h e  water v e l o c i t y  and c e n t r i f u g a l  fo rce  decrease toward the  a x i s  of  

r o t a t i o n  a t  t h e  same r a t i o ,  thus  sub jec t ing  each p a r t i c l e  t o  a uniform 

fo rce .  The reason f o r  employing c e n t r i f u g a l  fo rce  a s  the  s e t t l i n g  agent  

r a t h e r  than g r a v i t y  was t o  permit the  use of r e l a t i v e l y  high water  veloc- 

i t i e s ,  thereby overcoming one of t h e  l i m i t i n g  f e a t u r e s  of t h e  e l u t r i a t i o n  

m e t h d  f o r  s i z e  separa t ion  of f i n e  ma te r i a l .  

With a depar ture  from t h e  conventional tube e l u t r i a t o r s ,  Thompson 

(109) i n  1910 devised the  a p ~ a r a t u s  shown i n  Fig .  21, f o r  s i z e  a n a l y s i s  

of cement us ing  kerosene a s  t h e  l i q u i d .  The apparatus cons is ted  of f i v e  

cones of decreas ing  s i z e ,  suspended one above the  o the r ,  a c i r c u l a t o r y  

system wi th  e l e c t r i c  motor and pump, and manometer and equipment f o r  con- 

t r o l l i n g  t h e  flow. The flow progressed downward from the  t o p  cone w i t h  

decreas ing  ve loc i ty .  Two hours were requi red  f o r t h e  a n a l y s i s  of a 10-gm. 

sample of cement. 

I n  1919, Gardner (36) devised t h e  e l u t r i a t o r  shown i n  Fig.  22, which 

c o n s i s t s  of n ine teen  v e s s e l s  of inc reas ing  s i z e .  The sample was placed 

i n  tank A where a constant  l e v e l  of water was maintained. An e l e c t r i c a l l y  

operated s t i r r e r  kep t  t h e  p a r t i c l e s  i n  suspension, al lowing a continuous 

inflow of water-sediment i n t o  t h e  first vesse l .  Separat ion continued 

u n t i l  a l l  t h e  sediment was removed from A. Then, t o  insu re  a g a i n s t  t h e  

overflow of l a r g e r  p a r t i c l e s  i n t o  t h e  next  v e s s e l  and t h e  inc lus ion  wi th  

t h a t  f r a c t i o n ,  t h e  ma te r i a l  i n  each vesse l  was removed and poured into t h e  
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funnel ofthe preceding vessel. The flow at 'he same constant rate, about 

0.7 liter per minute, was started again and continued until the separation 

was considered complete. 

The separator, shown in Fig. 23, was designed by Andreason (60) and 

represents a recent formofthe simplest type of elutriator. The material 

to be separated is placed in the tube of smallest diameter and a constant 

flow of water from the reservoir is maintained. Different vertical 

velocities of flow are produced in the three consecutive tubes effecting 

a separationofparticles into four size grades, the fourth being the very 

fine material carried out in the overflow. As operated by Andreason, 

material of the sizes 0.060, 0.040, and 0.020 mm. were secured in the 

three tubes. 

A recent water elutriator, developed by Andrews (60) is illustrated 

in Fig. 24. It is so constructed that the material, entering at the 

top of the elutriator tube, is thrown against a rigid cone by an 

upward current of water which breaks up aggregates and flocculated 

material. The continued upward current of water carries off the fine 

material while the coarser settles to the base of the largest chamber 

where it is again picked up by the water and directed against the cone. 

This procedure may be continued until all the material has been dis- 

persed. Then the separation of the coarse material is accomplishedin the 

lower tubes. 

The elutriation device, shown in Fig. 25, which was used for tests 

of the core material of the Cobble Mountain Dam (43), was found accurate 

and reliable in controlling the nature of core material. For expediency, 

four units were used,allowing four samples to be analyzed simultaneously. 
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Fi:;. 21--Thompson1 s kero- 
sene e l u t r i a t o r  (1910).  

ShMPLE DISCHARGE 

Fig .  23--Andreasonls water 
e l u t r i a t o r  (1927).  

F i z .  22--Gardnerls water e l u t r i a t o r  (1919).  

F ig .  24--Andrews " k i n e t i c u  
water e l u t r i a t o r  (1927).  

FIGS. 21, 22, 23 & 24 
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Temperature c o n t r o l  was maintained by submerging t h e  u n i t s  i n  water  i n  a 

l a r g e  tank under t he rmos ta t i c  c o n t r o l .  

23. E l u t r i a t i o n  wi th  a i r - - In  genera l ,  s i z e  separa t ion  of f i n e  

m a t e r i a l  by a r i s i n g  column of a i r  i s  n o t  p r a c t i c a l  f o r  a n a l y s i s  of s ed i -  

ment because t h e  m a t e r i a l  must be i n  a d r y  powder form and a v a i l a b l e  i n  

r e l a t i v e l y  l a r g e  q u a n t i t i e s .  I t  can be used advantageously only wi th  de- 

pos i t ed  ma te r i a l andwhere  an abundant sample i s  a v a i l a b l e .  The objec t ion-  

a b l e  f e a t u r e  i s  t h e  n e c e s s i t y  of predry ing  t h e  sample and r e d i s p e r s i o n  

i n t o  powder form. It i s  u s u a l l y  more f avo rab le  t o p r o c e e d  with an a n a l y s i s  

based on t h e  f a l l  v e l o c i t i e s  i n  water  than t o  s u b j e c t  t h e  sediment t o  

predry ing  and t o  r i s k  t h e  u n c e r t a i n t i e s  involved i n  s ecu r ing  t h e  proper  

d i s p e r s i o n .  However, t o  make t h i s  s tudy  o f e x i s t i n g  s i z e  a n a l y s i s  methods 

complete a  b r i e f  review and d i scuss ion  of t he  e x i s t i n g  equipment f o r  

accomplishing s e p a r a t i o n  by a i r  i s  presented .  

There a r e  t h r e e  major i tems o r  problems involved i n  t he  des ign  and 

ope ra t ion  of a i r  ana lyze r s ,  namely: 

a. The c o n t r o l  of v e l o c i t i e s .  - 

b. The prevent ion  of adherence of f i n e  p a r t i c l e s  t o  v a r i -  
ous su r f aces  i n  t h e  appara tus .  

c .  The e l imina t ion  of aggrega tes  o r  t h e  reduct ion  of 
aggreza tes  i n t o  i n d i v i d u a l  p a r t i c l e s .  

The f i r s t  two can be overcome t o  some e x t e n t  by proper  des ign;  t h e  t h i r d  

i s  dependent upon t h e  c h a r a c t e r  of t h e  m a t e r i a l  t o  be analyzed.  A i r  

ana lyze r s  can be used on ly  t o  a  l i m i t e d  e x t e n t  f o r  ana lyz ing  sediment 

samples, s i n c e  the  m a t e r i a l  t h a t  i s  smal l  enough t o  be adapted t o  a i r  

e l u t r i a t i o n  gene ra l ly  cannot be d r i e d  ou t  without  t h e  formation of 

aggrega tes .  The r e s u l t  i s  t h a t  t he  a i r  ana lyze r  has  been l i m i t e d  l a r g e l y  
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Suspens~on of Test Materlal 

Ptpe from Colistant.Head Wecr Box 
Constant Continuous Flow 

Flow Control Valve aker Sample Has Been Run into Cones 

ovable Rack far Cones 

Larger Particles Deposit Here- 
Smaller Particles Deposit Her 
Smallest Particles Deposit He 

Mater~al F~nrr than 0.01 

Fig. 25--Cobble Mountain Dan water elutriator (1932). 

Fig. 26--Cushmanls and Hubhrdls 
air elutriator (1907). 

Fig. 27--Petersen1s air 
elutriator (1909). 

FIGS. 25, 26 & 27 
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to analysis of cement, pigment, and ceramic materials in the dry 

powder form. 

Early designs of apparatus which accomplished separstions with 

various degrees of accurac;7 are shown in Figs. 26 and 27. Cushman's and 

Hubbard's (71) elutriator was constructed in 1907 for separation of rock 

powders. A constant stream of air entered at the base of the largest 

vessel where the sample was placed. Petersen's apparatus, a xodification 

of Schone's water elutriator, was not satisfactory because, with the 

introduction of air from the bottom, there were decided tendencies for 

choking or plugging. Apparently neither of these devices was very satis- 

factory. Mackey (71) developed the cement analyzer shown in Fig. 28 

which gave fair separations but the control and refinement were not as 

accurate as would be desired. 

The Gary-Linder apparatus (71), shown in Fig. 29, was developed about 

1906 for analyzing cement and has been used widely. A 20-gm. sample is 

placed in chamber I and the air flow in chambers I, 11, and I11 is adjust- 

ed so that certain sizes of particles will deposit in each. This results 

in four grades of particles with somewhat overlapping sizes but with 

significant differences between them. 

The most comprehensive study of air analyzers was conducted at the 

Bureau of Standards, U. S. Department of Commerce, in 1915 (71) with the 

purpose of developing a reliable apparatus for size analysis of cement. 

After making an exhaustive review and tcisting existing equipment without 

finding an apparatus conforming to the desired specifications, a new 

design, shown in Fig. 30, was evolved. It had the following c'naracter- 

istic features: 
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Fig. 28--Mackey air elutriator. 
I I 

Fig. 29--Gary-Linder air 
elutriator (1906). 

Fig. 30--Bureau of Standards air analyzer (1915) 

FIGS. 28, 29 & 30 
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Fiz . 31--Gonellt s air elutriator (1929). 

a. Diagrammatic sketch of - - b. Detail of sample location 
separation column. and air inlet. 

Fig. 32--Roller's air elutriator (1931). 

FIGS. 31 & 32 
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a. The air jet pointed downward and impinged on the gran- 
ular material in a cone-shaped bulb instead of being forced 
through the material. 

b. The separating column was a tall smooth tube without 
rough-surface where particles might lodge. 

c. An automatic tapping device minimized adherence of 
particles to surfaces. 

d. A collecting chamber was provided at the top to retain 
all the very fine material. 

The apparatus designed by Gone11 ( 60 )  in 1931 and Roller (91), shown 

in Figs. 31 and 32, respectively, embody the main principles stated above,, 

In addition, Roller found that electrically grounding the metal tubes and 

bends completely eliminated the tendencies for adherence of particles to 

metal surfaces. His apparatus is one of the most popular at present. 

24. Accumulative.,,.sedimentation--Particles settling in a fluid will 

accumulate at the base of a sedimentation coLumn at a rate dependent upon 

their fall velocities. Methods of measuring the accumulation, either by 

weight or by volume, at designated times during an analysis, are termed 

Haccumulative sedimentation." Sedimentation methods where individual 

fractions are secured and measured separately are termed "fractional 

sedimentationt1 and are discussed separately. 

Although a direct volume measurement of accumulated material is far 

simpler than a weight measurement, it has been subjected to severe 

criticism, especially in its use with the fine-grained sediments. Factors 

which affect the volume of sediment deposited are: 

a. Gradation and size of particles. - 

b. Shape of particles. - 

c. Time of standing. - 

d. Weight of overlying material. - 
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Because these factors are variable and cannot be controlled, weight 

measurements are generally used. 

Accumulation methods are divided into two groups: first, those where 

all the material is added et the top of the column in such a manner that 

all particles have to settle the entire length of the column, and second, 

those where the material is dispersed uniformly throughout the sedimenta- 

tion column. This classification is necessary because there is a basic 

difference in the character of the data secured. 

When sedimentation of all particles proceeds from the top of the 

column, periodic measurements of the accumulated material at the base 

represent, directly, size grades with limits which are easily determined 

from the velocity of fall. A graphical plot of the weight of accumulated 

material with respect totime provides a curve commonly referred to as the 

flcumulative curve.t' Since an ordinate at any time t , represents the 

weight of particles having a greater fall velocity than is represented by 

that settling time t , direct readings of size grades can be made, the 

selection of which is flexible and dependent upon the refinement desired. 

In a "disperse sedimentation system,t1 where the sediment is dispersed 

throughout the sedimentation column at the start of the settling period, 

the accumulation will consist not only of particles of sufficient fall 

velocity to settle from the top of the column by the time of reading, but 

also of smaller particles that had a shorter distance of fall. A curve 

showing the amount of accumulated material with respect to time does not 

allow a direct determination of size because the finer particles are in- 

cluded. It is referred to as an tlaccumulative curve" and must be con- 

sidered as distinct from the "cumulative curven previously described. In 
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1915, Oden set forth the theory of the disperse sedimentation system and 

developed both an analytical and a graphical method of interpreting the data 

in terms of particle size. Krumbein ( 6 0 )  presents an excellent summation 

of Oden's original theory and methods of analysis. Since the analytical 

interpretation is complicated and awkward to apply, the graphical solution 

has generally been used. The graphical interpretation is as follows: 

The accumulative curve is plotted with time as abscissa and 
percentage by weight of total material settledoutas ordinates, 
as shown in Fig. 33. Tangents to the curve at any points, zl 
and T2 , intersect the ordinate axis'at and , respec- 
tively. The difference between the percentages and ivl 
represents the amount of material in a size grade wlth limits 
determined by the settling times 2 and 11 which are repre- 
sentative of fall velocity which, in turn, is a function of 
particle size. 

The main objection to the graphical interpretation is the difficulty 

of drawing tangents accurately. Weinig (132), concerned with the analysis 

of ore grinds, has dewloped an analytical method which is apparently 

simpler and a graphical method which is more accurate than the so-called 

"tangent method" just described. The methods are based on an arithmetic 

series of numbers, termed "ordinal numbers," each representing a particle 

diameter. The system is so devised that diameters of the particles of 

adjacent numbers vary as fi, which, in the range of Stokes1 law, means 

that their fall velocities vary as 1/2. In the graphical method the 

Ilordinal numbers" are plotted as abscissae and cumulative weights as ordi- 

nates on semi-logarithmic paper to provide an accumulation curve that may 

be interpreted using chords rather than tangents. Greater accuracy and 

less influence of personal judgment is obtained. 

A number of devices have been developed where the material starts 

its fall from near the top of the sedimentation column. Popular among 
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Time  Prom start of sedimentation 

Fig. 33--Graphical solution of accumulative sedimentation curve. 

Fig. 34--Bennigsenls Fig. 35--Clausenls modi- Fig. 36--Werner's volu- 
silt flask (1860). fication of Bennigsenl s metric accumulative 

silt flask (1899). device (1925). 

FIGS. 33, 34, 35 & 36 
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the earlier devices (60) of this type was Bennigsenrs silt flask, which 

is shown in Fig. 34. The water-sediment mixture was agitated in the flask 

and then after inversion the depth of the material that settled in the 

stem in certain time intervals, was observed. Improvements were effected 

by Clausen, as shown in Fig. 35, by making the stem removabl~ from the 

mixing or dispersion bulb, and by using a smaller bulb and a longer sedi- 

mentation column. A more recent apparatus was devised by Werner (139) 

consisting of a small tube, 1.5 cm. in diameter, 1 to 1.5 m. in length, 

with a smaller, graduated measuring tube for volumetric measurements. A 

magnifying glass was provided for accurate readings. The apparatus is 

illustrated in Fig. 36. The first analyses were made with the sediment 

dispersed throughout the tube, but the apparatus was later modified so as 

to produce a cumulative rather than an accumulative curve by placing a 

"mixing room" at the top of the sedimentation column, probably similar to 

Clausen's apparatus. 

Although the apparatus of Bennigsen, Clausen, and Werner provide data 

which allow direct interpretation into size grades the procedure of 

introducing the material is difficult and questionable and the feature of 

volumetric measurement is objectionable. They have had very limited 

application to size analysis of fine materials. 

Following the development of the settling theory of a disperse 

system, Oden (66) devised the apparatus, illustrated in Fig. 37, which 

consists of an analytical balance with one pan suspended near the base of 

a sedimentation cylinder, the other so arranged that, as sediment settled 

upon the immersed pan, small spheres would be deposited uponit, returning 

ths balance to equilibrium. The rate of deposition of the small weights 
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Fig i 37--Odent s 

0 
or ig ina l  sedimentation balance (schematic) (1315). 

Fig.  38--0den-Keen's improved sedimentation balance with 
automatic weighing and recording equipment (1924) . 

PIGS. 37 & 38 
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determined the accumulative curve. Fig. 38 shows a modification of the 

original apparatus with an automatic recording mechanism consisting of a 

pen moving on a revolving drum H that recorded the addition ofthe small 

weights. 

Johnson (66) devised a somewhat simpler recording device, which is 

shown in Fig. 39; using a controlled spark between the pointer on the 

balance arm and the drum to burn a series of small holes in the recorder 

paper. This produced an accumulative curve directly. 

Weinig (134) describes the use of an ordinary analytical balance 

with a special nonc~~rodible sedimentation pan. Using a regular 800 cc. 

beaker for the sedimentation cylinder, the analysis is conducted with 

manual determination of the weights necessary to maintain the balance at 

equilibrium. 

An automatic weighing apparatus, with a concave mirror mounted at 

the fulcrum of the analytical balance perpendicular to the balance arm, 

is described by Bishop (20) .  When the balance is not in equilibrium, 

light from a constant source is reflected by the mirror into a photo- 

electric cell. This augments an electric current that, in turn, operates 

a relay and starts a motor connected to a resistance. A decrease in 

resistance increases the current in the solenoid sufficiently to restore 

the balance to equilibrium and deflect the light away from the photo- 

electric cell. This action occurs repeatedly during the sedimentation 

period and from the current consumption record an accumulative sedimen- 

tation curve can be drawn. 

A much simpler apparatus for securing an accumulative curve was 

used by Schramm and Scripture (97) ,  consisting of twelve test tubes, 
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30 cm. in height and about 3 cm. in diameter, held vertically in a special 

rack. Clay suspension was poured into each tube to a predetermined level, 

care being taken to secure the same concei~tration in all tubes. At the 

start of the analysis the rack of tubes was shaken sufficiently to obtain 

a uniform distribution of clay throughout the suspension in each tube. 

At different selected times during a sedimentation period, the suspensions 

above common marks were siphoned off from each tube and each residue was 

analyzed for total weight. From the values obtained an accumulative 

sedimentation curve was constructed that lent itself to Oden's graphical 

analysis. 

Coutts and Crowther (30) probably have made the most exhaustive 

study of the accuracy and reliability of the sedimentation balance, 

conducting experiments on the effects of size and rim of pan and height 

of pan above the base of the sedimentation cylinder. In their summary 

they state: 

tl.............The low density of the suspension immediately 
below the pan after the sedimentation has proceeded a few 
minutes inevitably sets up a flow of liquid which interferes 
with the free vertical fall of the particles. With the large 
narrow-rimmed pans hitherto used the observed yields are 
appreciably below the theoretical values. With the pan close 
to the base there is a very rapid change in yield with very 
small changes in position of the pan. The extent of the 
disturbance varies with the size of particle and thus produces 
a distortion of the distribution curve.I1 

Keen (53) icvcstigzted the sccuracy of the sedimentation balance 

a.nd concluded that the method fails to give an accurate curve of ?article 

size distribution. 

25. Fractional sedimentation--Fractional sedimentation applies to 

methods where the sediment is measured in individual fractions. Although 
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such methods have been fairly popular for analysis of coarse sediments, 

their use with fine particles has been very limited due to several major 

difficulties. As the size of particles decrease it becomes increasingly 

more difficult to add the sediment at the top of the sedimentation column 

without introducing serious disturbances and tendencies for the material 

to settle as a mass rather than as individual particles. If the material 

is dispersed throughout the entire sediment column it necessitates a com- 

plicated and awkward analysis, even more so than that of the accumulative 

sedimentation curves secured with the sedimentation balance. Even though 

a satisfactory method of calculation is devised, there still exists the 

disadvantage that only a portion of each desired gradation is secured and 

the errors in the corrections that must be applied are magnified. 

With the presence of small particles slight disturbances that might 

be produced during the removal of the fraction become more serious, tend- 

ing to invalidate the data. Because of these limitations, an apparatus 

has not yet been developed that canbe considered satisfactory for routine 

analysis of sediment samples by this method. However, the advantage 

of a method whereby each grade can be collected as an individual fraction 

is obvious. 

One of the first apparatus to embody the principle of fractional 

sedimentation was that constructed by Schloesing (66) in 1903. His ex- 

perimental apparatus, shown in Fig. 40, consisted of a rather complicated 

arrangement foradding drops of clear water at aconstant rate, forcing out 

drops of the settled sediment and water at the base of the sedimentation 

column A. At the start of an analysis, the water-sediment mixture was 

merely poured into the top of the column A. A series of small boxes, 
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F i g ,  bB-=Jeks$salg a u & m % i o  r ~ o o r d f  ng deviae For Bdenl o 
rwdfma%a%ioa &Lano$ ($828) 

F i g .  40--8ohloesiq 1 e fraotional sedimentation apparatue (1903) . 
FIGS. 39 & 40 
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ac tua t ed  by a  clock-work and drum arrangement, passed under t h e  o u t l e t  a t  

t h e  base of t h e  column. P a r t i c l e s  of a  c e r t a i n  s i z e  range were c o l l e c t e d  

i n  each box, t h e  grada t ion  be ing  dependent upon the  he ight  of t h e  sed i -  

mentation column and upon t h e  l e n g t h  of t ime each box was c o l l e c t i n g  

drops .  The objec t ionable  p o i n t s  i n  t h i s  device  a r e  t he  method of  adding 

sediment and t h e  tendency f o r  p a r t i c l e s  t o  lodge on the  s l o p i n g  s u r f a c e s  

a t  t h e  base of t h e  column. 

A f r a c t i o n a l  sedimentat ion appara tus ,  developed by Kuhl ( 3 7 ) ,  which 

i s  s i m i l a r  b u t  much s impler  i n  des ign ,  i s  i l l u s t r a t e d  i n  F ig .  d l .  The 

device  f o r  i n t roduc ing  the  sediment a t  t h e  t o p  of the  column i s  shown. 

During the  a n a l y s i s ,  water  i s  added very  s lowly t o  t h e  s toppered 

sedimentat ion tube fo rc ing  o u t  an equal  volume of water-sediment which 

i s  co l l ec t ed  over  given time pe r iods  i n  a  number of c o n t a i n e r s .  The 

r e s idue  i n  each conta iner  r e p r e s e n t s  a c e r t a i n  s i z e  grade of t h e  

ma te r i a l .  

With a  f l a s k  s i m i l a r  t,o t h a t  used by Bennigsen, i l l u s t r a t e d  i n  

F ig .  34, b u t  with the  neck sepa ra t e  as used by Clausen, Lober (60) 

obtained f r a c t i o n s  by holding a  f i n g e r  over t h e  opening, immersing i n  

water ,  and then removing t h e  f i n g e r  a  s h o r t  t ime so t h a t  t h e  c o l l e c t e d  

sediment was depos i ted  i n  a  c o n t a i n e r .  Repeating t h i s  process  r e s u l t e d  

i n  a s e r i e s  of f r a c t i o n s  each r ep resen t ing  a  c e r t a i n  s i z e  grade. 

V i e r h i l l e r r s  (37)  sedimentat ion appara tus ,  shown i n  Fig.  42, func t ioned  

i n  a  s i m i l a r  manner. 

In  1935, Cole and Edlefsen  (29)  developed a  somewhat unique sed i -  

mentation tube ,  which i s  shown i n  F ig .  43. Segments of b r a s s  tub ing ,  

2 i n .  long, f i t  snugly i n s i d e  of an ou te r  b r a s s  tube. Each end of t h e  
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- ' ','/*/, ' .,',// 
Fig .  41--Kuhlls f r a c t i o n a l  

sedimentat ion appara tus  
(before  1926) . 

Fig .  42- -v ie rh i l le r  I s f r a c t i o n a l  
sedimentat ion appara tus(1926) .  

Bottom cop h/ cop 

Fig .  43--Cole 1 s and Edlef sen1  s 
f r a c t i o n a l  sedimentat ion 

tube  (1935).  

FIGS. 41, 42 & 43 
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cylinder is equipped with a screw cap to force the 2 in. segments closely 

together. With the bottom cap in position, the water-sediment mixture is 

poured into the cylinder and the top cap screwed in place. Water is added 

through the pet cock until the remaining space above the cap is filled. 

The device is then mounted on a wheel and rotated until complete dispersion 
i 

is effected after which itis stopped and maintainedina vertical position 

for a predetermined perio6 of time. Then it is rotated into a horizontal 

position and left undisturbed for 10 to 12 hours. Small plugs in each 

cap are /removed and the water is drained very slowly from above the de- 

posited sediment, a procedure that requires another 10 to 12 hours. Then 

each seginenl is removed carefully and the contents washed into a drying 

dish. Being initially a disperse system, each fraction obtained is not of 

one size range of material but includes smaller sizes, a condition that 

makes the interpretation difficult. 

26. Pipette- The pipette method, developed independently in 1922-23 

by Krauss (60) in Germany, Robinson (89) in England, and Jennings,Thomas, 

and Gardner (50) inthe United. States, appears to be used more universally 

at the present time than any other method for size analysis of fine 

material. It consists essentially of the withdrawal of a small sample of 

suspension at a fixed point in a sedimentation cylinder after a certain 

period of time. 

The principle of action or theory is very simple. After thoroughly 

dispersing the material throughout the suspending medium the particles 

are allowed to settle. If H represents the distance from the top of 

the column to the point or elevation where the pipette sample is to be 
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withdrawn, then, after a time, i1 , all particles with a settling 

velocity greater than H/tl , will have settled past the withdrawal 

elevation. Ifa pipette sample is secured attime 5 , at depth H , its 
concentration will represent the original concentration of all particles 

with settling velocities less than H/tl . When another period of settle- 
ment has elapsed and at time t2 another sample is secured its concentra- 

tion will represent, similarly, the original concentration of particles 

with settling velocity less than ~/t* . The difference between the con- 
centrations in two consecutive samples is a proportional part of the 

gradation in the original suspension with the size limits determined by 

the corresponding fall velocities. The ratio of concentration of the 

grade in the pipette sample to that in the original is the same as the 

ratio of the volume of the pipette sample to the total volume of the 

sedimentation column. 

The popularity of the pipette method for routine analysis, where the 

amount of material in suspension can be controlled, as in soil analyses, 

is due to: 

a. Its accuracy and reliability. - 

b. The ease of interpreting the data. - 

c. The relatively simple technique. - 

d. The simplicity of the equipment. - 

Theoretically, to function correctly the pipette should withdraw its 

sample instantaneously, removing a layer of infinitesimal thickness at the 

desired depth. Actually, the withdrawal is made over a finite period of 

time in such a manner that a minimum of disturbance isintroduced into the 

sedimentation cylinder. Obviously, it is impossible to sample a layer of 

infinitesimal thiclcness and what actually may occur is illustrated in 



Sect ion  26 86 

Fig .  44, showing t h e  tendencies  towards s p h e r i c a l  e f f e c t s  (60) . Except 

f o r  a  s i n g l e  p i p e t t e  of o rd ina ry  des ign  used by Robinson (89).  the e a r l i e s t  

withdrawal devices  had mul t ip l e  tube  i n t a k e s  as i l l u s t r a t e d  i n  F igs .  45 

and 46, t h a t  more n e a r l y  approached t h e  i d e a l  withdrawal condi t ion .  I t  

has  been gene ra l ly  conceded t h a t  t h e  withdrawal e f f e c t s  a r e  n o t  s e r i o u s  

even wi th  a s i n g l e  p i p e t t e  i f  t h e  withdrawal i s  a t  a  reasonable r a t e  and 

t h e  sampling i s  n o t  t o o  c lose  t o  t h e  su r f ace .  

Mul t ip le  i n l e t s  have been p r a c t i c a l l y  abandoned i n  f avo r  of s i n g l e  

stem p i p e t t e s  and more emphasis i s  be ing  placed upon e x t e r n a l  arrangements 

t o  f a c i l i t a t e  withdrawal of t h e  sample, and emptying, and r i n s i n g  t h e  

p i p e t t e .  A number of t hese  p i p e t t e s  a r e  i l l u s t r a t e d  i n  F igs .  47 t o  51, 

i n c l  . The volume of t h e  p i p e t t e  bu lb  i s  gene ra l ly  10  o r  20 cc  . , the 

s m a l l e r  s i z e  be ing  t h e  more common. 

An advantageous f e a t u r e  of t h e  p i p e t t e  method i s  i t s  f l e x i b i l i t y .  

By us ing  a  shal low withdrawal depth  t h e  s i z e  de te rmina t ion  of t h e  very  

f i n e  ma te r i a l  can be conducted without  an exces s ive ly  long s e t t l i n g  time 

and with l e s s  d i f f i c u l t y  i n  main ta in ing  a  cons t an t  temperature.  Although 

t h e  ord inary ,  and probably t h e  p r a c t i c a l  withdrawal depth l i e s  between 

1 0  and 20 cm. below the  su r f ace ,  a  s p e c i a l  p i p e t t e  sampling a t  on ly  2 cm. 

below the  s u r f a c e  has been introduced by Vin ther  and Lasson ( 4 0 ) .  A 

4-min. withdrawal time with a  cons tan t  s u c t i o n  i s  used a s  compared with 

about  40 sec .  f o r  t h e  ord inary  type of p i p e t t e .  Vinther  and Lasson claim 

t o  have obta ined  accu ra t e  r e s u l t s  with t h i s  method and t o  have e f f e c t e d  

sepa ra t ion  of p a r t i c l e s  a s  smal l  a s  0.16 microns, i n  a  4-day s e t t l i n g  

t ime with a  f a l l  d i s t a n c e  of on ly  2 cm. 

To s e p a r a t e  m a t e r i a l  below 0.5 microns i n  s i z e ,  S t e e l e  and Brad f i e ld  
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Fig. 44--Streamlines of p i p e t t e  
withdrawal (by Kuhn). 

Fig . 46--Kraussrs mul t ip le  
i n l e t  p i p e t t e  (1322) . 

Fig .  4 5 - - ~ u l t i p l e  i n l e t  p i p e t t e  
used by Jennings,  Thomas, 

and Gardner (1922).  

To Pump - 

Fig .  47--Whittle's with- 
drawal device.  

Deta i l  - 
Safe ty  bulb pressure 
i n l e t  tube 

Outlet tube 

Standard 10  om. pipette ,  
dimension x t o  be aa 
large a s  posaible 

I I I Bore of tubing t o  be 4 m.m. 
*ere poss ib le  

1 . - U  _x-Y 

Fig .  48--Constant volume p i p e t t e ,  

PIGS. 44, 45, 46, 4 7 & 4 8  
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(101) used centrifugal force to decrease the sedimentation time to within 

practical limits. Separations down to 0.0625 microns were accomplished. 

A consideration which is more important in the pipette than in the 

decantation method, where it may merely increase the number of decanta- 

tions, is that complete, uniform dispersion is necessary in order to 

obtain accurate results. When single pipettes are used this becomes 

increasingly important. In the modified Andreason apparatus, shown in 

Fig. 49, compressed air is used to effect the dispersion. 

Disturbances during the sedimentation period should be minimized. 

The pipette should be attached to a rigid staid and, if withdrawal is 

necessary, it should be equipped with a suitable lowering and raising 

mechanism, such as Shawls pipette rack, illustrated in Fig. 50. 

As in other sedimentation methods, temperature control is a prin.ary 

consideration. The apparatus shown in Fig. 51a, is one of the latest 

developments in England for making routine size analyses. Four of 

Andreason's pipette units, a cross-sectional view of which is shown in 

Fig. 51b, are housed in a thermally insulated cabinet with automatic 

temperature control. 

The concentrations for which the pipette method generally is suitable 

vary from 1 to 2 per cent (10 000 to 20 000 p.p.m.). Although somewhat 

lower concentrations could  roba ably be analyzed with sufficient accuracy, 

the pipette method is definitely limited because the sample is a "sample 

of a sample," and as the concentration decreases the technique must be 

refined accordingly to provide a satisfactory degree of accuracy. The 

difficulty of applying this method to suspended sediment samples with 

concentrations below 2 000 p.p.m. or 0.2 per cent, is obvious. 
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I 
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I bl 
Fig. 49--Modification of Andreason's Fig. 50--Shawls p ipe t t e  rack. 

p ipe t t e  apparatus. 

a .  Complete apparatus i n  - - b. Cross-sectional view. 
insula ted cabinet.  

F ig .  51--Andreason1 s p ipe t t e  apparatus (1928) . 

FIGS. 49, 50 & 51 
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Some pipette procedures require that the suspension be redispersed 

after each sample has been taken. Rittenhouse (87) conducted a series of 

tests and found that redispersion does not result in greater accuracy and 

that a tremendous saving in time is effected by allowingthe sedimentation 

process to proceed continuously from the start. In additional efforts to 

reduce the unit time andcostof the analyses, Rittenhouse (88) has devised 

what can be termed "mass production methods." He has set up a procedure 

where 48 samples may be analyzed simultaneously and introduces minor 

modifications for saving time. His paper is complete even to the extent 

oP providing data forms. 

Krwnbein (60) presents in detail a procedure for the pipette method 

as commonly used in this country. 

27. Hydrometer--The progressive decrease in density that occurs at 

any given elevation in a disperse sedimentation system can be correlated 

with the fall velocities of the particles. The measurement of this change 

in density is the basis of a number of size analysis methods. The common 

method of determining density is to measure the buoyant effect of the 

suspension on a floating or on an immersed object, ordinarily referred to 

as the hydrometer and plummet methods, respectively, Aless common method 

is the adaptation of a manometer to measure the relative height to which 

a column of liquid will be supported by the sedimentation column. The 

plummet and manometer methods will be discussed in later sections. 

Since Bouyoucos introduced the hydrometer in 1927 (60) it has found 

widespread use for size analysis, particularly in the study of soils. 

The hydrometer developed by Bouyoucos, shown in Fig. 52, measures the 

density at some level below the surface in terms of solids remaining in 
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suspension, per liter of the total suspension. TheCasagrande hydrometer, 

shown in Fig. 53, measures the density of the suspension relatively in 

terms of specific gravity. Since the calibrations for both of these 

instruments apply to water at 67O F., corresponding to a certain density, 

their use with other temperatures necessitates a correction factor. As 

the density of the suspension decreases the center of gravity of the 

hydrometer rises, necessitating the application of another correction 

factor. These correction factors are included in the A.S.T.M. standard 

hydrometer procedure (11) . 
Conducting the'actual analysis with the !3ouyoucos or Casagrande 

hydrometer is comparatively simple. Before the sedimentation process is 

allowed to start the material is thoroughly dispersed throughout the 

sedimentation colum. Then, at predeternined increasing time intervals, 

hydrometer and temperature readings are taken. The frequency and number 

of readings taken depend largely upon the character of the material and 

the type of investigation. 

The particularly aavantageous features of the hydrometer method are 

the simplicity of equipment, the rapidity of the analysis, and the easy 

interpretstion of the data. However, there has been considerable dis- 

cussion, despite the claims made by Bouyoucos (24), as to its accuracy, 

sensitiveness, and theoretical soundness. The features considered most 

objectionable are: 

a. The bulb extends over a portion of the sedimentation 
column and therefore indicates an average value of density 
rather than the density at a certain elevation. 

b. The common type of hydrometer sinks deeper as the 
density decreases and therelore measures the density over a 
changing height of colum. 
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c. The hydrometer tends to increase in weight because of 

particles settling on its shoulders. On the other hand, if 
removed after each reading and then immersed again, some dis- 
turbance is introduced into the sedimentation cylinder. 

d. Rising currents, due to the fall of large particles at 
the start of the analysis, may produce abnormally high density 
readings until the currents subside. 

e. As with other types of sedimentation methods, there is 
a decrease in relative sensitivity as the suspensions dgcrease 
in concentration. 

To minimize these objections Bouyoucos conducted numerous experiments 

and developed a more sensitive instrument (23) reading from 0 to 10 gm. 

and graciuated to 0.2 grn. 

Thoreen (111) studied the hydrometer method in connection with high- 

way materials investigations and concluded, "The errors involved in the 

use of a sensitive hydrometer are subordinate to those due either to 

partial deflocculation or to the assumptions involved in Stokes' law." 

Biddle and Klein (19) studied the application of the hydrometer to 

size determination of Portland-puzzolan cements and found it entirely 

satisfactory for routine analyses. 

Hatch (43) found the hydrometer sufficiently accurate for analysis 

of hydraulic fill dam material and recommended its use because of the 

rapidity of analysis and the simplicity of apparatus. 

The objection to the hydrometer, in that it secures an average 

density over a certain column height, was studied by A. N. and B. R. Puri 

(81) who concluded, after a laboratory investigation by pipette sampling 

of 150 soil samples, that the average density of a column 10 to 12 cm., 

located at least 5 cm. below the surface, can be assumed tobe its density 

at its midpoint. They also concluded that this assumption becomes more 

valid as the particles decrease in size. 
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Regardless of the value and established accuracy of the ordinary 

hydrometer for many types of studies, it has, from the standpoint of 

application to suspended sediment samples, the objectionable feature of 

requiring a relatively high concentration. Even the Bouyoucos sensitive 

hydrometer reading from I to 10 gm./liter lacks the sensitivity necessary 

for size analysis of this type of sample. 

Appreciating the simplicity of the hydrometer method, but not satis- 

fied with existing types, particularly because the manner of reading the 

density was somewhat crude and because errors of parallax were introduced 

in observing the height of the meniscus on the stem, Puri developed a new 

type of hydrometer (78). His hydrometer, shown in Fig. 54, hadessentially 

same bulb form as the former types,butwas radically different in the 

manner of reading. Instead of a graduated paper inserted in the stem, a 

pin was mountgd at the top of the hydrometer stem. This stem could move 

within a short glass tube, graduated completely around the circumference 

so as to avoid parallax. The graduate glass tube was adjustable in 

elevation and, by means of an attached pointer, it could be referenced 

to the actual water surface. Readings accurate to a fraction of a milli- 

meter are claimed for this device. 

A less refined instrument, but more rugged and better adapted to 

field use, shown in Fig. 55, also was developed by Puri (77) . It has the 

unique feature of allowing an adjustment of the hydrometer weight to 

compensate for a difference between the actual temperature and the tem- 

perature at which the initial calibration was conducted. The calibration 

was made at 9 5 O  F., the highest temperature at which the instrument would 

probably te used, arad with each degree drop in temperature a small. weight 
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was added to compensate for the increased density ofthe suspension. This 

was accomplished by having a hollow stem with a cap into which could be 

screwed a thin brass wire of such a weight that the increased density was 

balanced. Wires of different weights were prepared during the initial 

calibration. When the temperature change was other than a full degree a 

small correction was applied to the hydrometer reading. The advantages 

of this feature were that the hydrometer could be held at approximately 

the same level in the suspension, some of the corrections that are neces- 

sary with changes in center of gravity were eliminated, and other calcu- 

lations were simplified. 

Probably the most sensitive and accurate hydrometer yet devised was 

that introduced by A. N. and B. R. Puri (81) in 1939 whlch is illustrated 

in Fig. 56. The apparatus, which was termed "chaino-hydrometer" by the 

inventors, allows a very accurate weight measurement instead of a volume 

determination as in former hydrometers. Its development embodies the 

accuracy and precision of the analytical balance without sacrificing 

rapidity in the analysis. It has beer found very sensitive in the analysis 

of soil suspensions. 

The chaino-hydrometer has a number of unique features in its design 

and operation. A rectangular wire loop with a needle point at one lower 

corner is attached to the stem of the hydrometer to gage its immersion 

to the same depth for all readings. At the top of the loop is a short 

aluminum tube through w h c h  a fine chain passes, One end of this chain 

is attached to a hook on the rectangular wire loop while the other end 

is fastened to a slide that is moved up and down by an adjusting screw. 

Small increments of weight can be added or subtracted, by adjusting the 
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Fig. 52--Bouyoucos 
hydrometer. 

Fig. 53--Caaagrande 
hydrometer. 

FLg. 55-.-Puri f i e l d  hydrometer 
(1933). 

Fig. 54--Puri hy- 
drometer (1933). 

Fig, 56--Puri "chains-matic" 
hydrometer (1937). 

FIGS. 52, 53, 54, 55 & 56 
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l e n g t h  of t h e  loop  of chain,  thus  changing t h e  weight of t h e  hydrometer. 

The weight added i s  ind ica t ed  by a  v e r n i e r  on t h e  s l i d e  and a f i x e d  s c a l e .  

I f  more weights a r e  needed than can be appl ied  by t h e  chain they  can be 

added t o  t he  s p e c i a l  hook a t  t h e  t o p  of t he  stem. The v e r n i e r  can be s e t  

t o  zero a t  t he  s t a r t  by moving the  e n t i r e  s c a l e .  The c o r r e c t i o n  f o r  

changes i n  buoyancy due t o  changes i n  d e n s i t y  of t h e  water  w i th  r e s p e c t  

t o i t s  temperature i s  accomplished by means o f a  c o r r e c t i o n  c h a r t  developed 

f o r  each ins t rument .  

The degree of s e n s i t i v i t y  claimed f o r  t h i s  new type of hydrometer i s  

remarkable.  With t h e  a i d  of t h e  v e r n i e r ,  weight readings  can be made 

a c c u r a t e l y  t o  0.001 gm. A 1 . 0  pe r  cent  s o i l  suspension g ives  an i n c r e a s e  

i n  d e n s i t y  of about  0.006 &rn./cc. An immersed body of only 1 . 0  cc.  would 

t h e r e f o r e  al low an accu ra t e  reading  of d e n s i t y  1 /6 th  of 1 . 0  per  cen t ,  o r  

0.17 per  cen t .  S ince  hydrometer bu lbs  a r e  100 cc .  i n  volume and g r e a t e r ,  

t h e  chainomatic hydrometer could be made s e n s i t i v e  t o  0.0017 per  c e n t ,  o r  

1 7  p.p.m. Apparently t h e  accuracy i n  reading  i s  n o t  t h e  f a c t o r  which 

c o l ~ t r o l s  t he  s e n s i t i v i t y .  The a c t u a l  accuracy of t h e  instrument  i s  more 

dependent upon o t h e r  f a c t o r s ,  such a s  s e t t l i n g  of p a r t i c l e s  upon t h e  

shoulders  of t h e  hydrometer bulb,  d i s tu rbances  caused by removal a f t e r  

each  reading,  i f  t h i s  i s  t h e  procedure, and t h e  f a c t  t h a t  an average 

d e n s i t y  over t h e  l e n g t h  of t h e  hydrometer bu lb  i s  measured. 

28. Plummet--The plummet d i f f e r s  from t h e  hydrometer i n  t h a t  i t  i s  

n o t  a  f l o a t i n g  o b j e c t  and, un le s s  suspended e x t e r n a l l y ,  i t  would s i n k  t o  

t h e  bottom. The plummet i s  completely immersed and t h e  buoyancy a f fo rded  

by t h e  suspension i s  determined s o l e l y  by weighing, a f e a t u r e  that 
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presen t s  prollnbly t h e  greatest ,  advaiitage, from t'ne si:,anbpoint of accuracy,  

of t h e  plunmet over tile ordiilary ?:;idrometer with i t s  v o l m e  readings .  

The p l m , e t ,  be ing  n e c e s s a r i l y  an o b j e c t  of some l eng th  r?< :!',rm~eter, 

i s  s u b j e c t  t o  a l l  of t h e  o t j e c i i o n a b l e  f e a t u r e s  l i s t e d  f o r  t he  hydrometer 

i n  Sec t ion  2'7, except  , f o r  t h e  plummet i s  e n t i r e l y  submerged a t  a 

f i x e d  depth and t h e  l eng th  of colu.nn over which t h e  d e n s i t y  i s  measured 

remsi:~s uricii_arged. This  f e a t u r e  s i m p l i f i e s  t'ne c a l c u l a t i o n s  eyer those  of 

t he  commcn hydrometer, t h e  only c o r r e c t i o n  necessary  being f o r  changes i n  

d e n s i t y  due t o  changes i n  tempercture.  The plurnxet, on the  o t h e r  hand, 

r e q u i r e s  much more e l abo rz t e  messnring equipment. Various s t u d i e s  ( ~ 4 ,  

67, 125) of t h e  accuracy of t h e  plummet method have revea led  sources of 

e r r o r  t h a t  do no t  permit extreme s e n s i t i v i t y ;  y e t ,  a f a i r  degree of 

accuracy i s  c la i r ,ed  f o r  c e r t a i n  types of equipment. 

In  1921, t h e  U. S. 3ureau of Mines developed one o f t h e  f i r s t  plummet 

devices  (98) which, a s  shorm i n  Fig. 57, cons i s t ed  of a g l a s s  plummet, 

p a r t i a l l y  f i l l e d  vvi th mercury, suspended from a chemical balance.  It was 

used f o r  s i z e  de te rmina t ion  of c l zy  p a r t i c l e s  i n  ana lyses  extending over  
.c 

a 33-day pcr iod .  The plummet was l e f t  immersed a t  a f i x e d  depth f o r  t h e  

f i r s t  7 h r . ,  a f t e r  which it was removed 2nd was i n s e r t e d  aga in  only when 

readings were des i r ed .  Temperature c o n t r o l  was maintained by s t o r i n g  t h e  

appara tus  i n  a wel l  i n s u l a t e d  box. 

Schurecht (983 s t a t e s  t h a t  t h e  plummet method i s  a c c u r a t e  t o  0.0301 
1 

gm./cc., corresponding t o  100 p.p.m. f o r  a plummet of 100 cc. volume, 

and p o i n t s  o u t  t h e  fo l lowing  advantages over  t he  6ecanta t ion  method: 

a .  I t  al lows sepa ra t ion  of extremely f i n e  p a r t i c l e s  
(less-than 0,005 mrn.) more r e a d i l y  than  t h e  decanta t ion  method. 
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b. Temperature c o n t r o l  i s  e a s i e r  because a  smal l ,  cons tan t  
volume of water i s  used.  

c .  With no change i n  l i q u i d ,  f l o c c u l a t i o n  tendencies  a r e  
reduced t o  a minimum. 

d .  More ana lyses  can be conducted i n  t he  same period of - 
t ime . 
A more complicated plummet appa ra tus ,  shown i n F i g ,  58, was developed 

i n  1928 by Van Nieuwenburg and Schoutens (125) .  I t  wasdevised t o e l i m i n a t e  

t h e  t ed ious  work involved i n  the  decan ta t ion  method, and t h e  d i s tu rbance  

due t o  t h e  drawing o f f  t h e  sample i n  t h e  p i p e t t e  method. They c r i t i c i z e d  

the  l e n g t h  of Schurecht ' s plummet (6.35 cm. ) a s  extending over too  l o n g  

a  s e c t i o n  of t he  sedimentat ion column, and used i n s t e a d ,  one t h a t  was 

only 3 t o  4 cm. long. Thia plummet, c i n  Fig. 58, weighing only 2 t o  

3 gm. when submerged, measured the  d e n s i t y  between 20 and 25 cm. from t h e  

t o p  of t h e  column. The exac t  weight of t he  plummet was obtained wi th  a  

d e l i c a t e  balance,  jj . The appara tus  was so cons t ruc ted  that, i t  could 

be converted i n t o  a Schone water e l u t r i a t o r  by merely removingt:?eplummet 

and i n s e r t i n g  the  tube  a t  t h e  t o p  of t he  cy l inde r .  

An e r r o r  i nhe ren t  i n  both t h e  plummet and hydrometer methods, d i s -  

cussed by Van Nieuwenburg and Schoutens (125) ,  i s  t h a t  t h e r e  w i l l  be an  

inc reased  concent ra t ion  .in t h e  reg ion  o f t h e  immersed body where the  cross- .  

s e c t i o n a l  a r e a  i s  reduced i f  the  p lummet . i s l e f t  immersed between r ead ings .  

?.!;is t ends  t o  give h igher  d e n s i t y  r ead ings  and, i n  the  f i n a l  i n t e r p r e t a t i o n  

of t h e  d a t a ,  may i n d i c a t e  a  g r e a t e r  percentage of f i n e  p a r t i c l e s  than i s  

c o r r e c t .  Attempts t o  apply an a r b i t r a r y  c o r r e c t i o n  were no t  very success-  

f u l  and the  conclusion was t h a t  a  c o r r e c t i o n  determined from the  expe r i -  

mental d a t a  f o r  each a n a l y s i s  i s  more s a t i s f a c t c r y .  
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Olmstead, Alexander, and Laken (67)  d e s i r i n g  a  mechanical a n a l y s i s  

method more rap id  than  the  p i p e t t e  method and more dependable than  the  

o rd ina ry  hydrometer method devised  a  plummet appara tus  i nco rpora t ing  a  

chainomatic a n a l y t i c a l  baiance.  A pear-shaped 1 0  cc .  volume plummet, 

designed t o  minimize dLsturbance t o  t h e  suspension,  was suspended by a  

f i n e  platintun wire  from a  rack  and pinion arrangement.  Although the  

accuracy of t he  p i p e t t e  method was no t  obtained t h e  method appeared 

promising. 

The plummet method was i n v e s t i g a t e d  f u r t h e r  by Edlefsen and Cole (34)  

u s ing  a s i m i l a r  a n a l y t i c a l  balance apparatus  with rack  and p in ion  t o  

a l low imnersion and removal of t h e  plumnet with a  minimum of d i s tu rbance  

and e f f o r t .  The e n t i r e  appa ra tus  i s  i l l u s t r a t e d  i n  F ig .  59. An 

e l l i p s o i d a l  plumaet, 15  cm. i n  l e n g t h ,  was lowered t o  15  cm. below the  

su r f ace  a t  a  cons t an t  r a t e  of on ly  1 .0  cm./sec. The balance was brought 

t o  equi l ibr ium wi th  s p e c i a l  c a r e  so  a s  t o  cause minimum movement of the  

plummet. In  removing the  plummet a f t e r  each reading  it was r a i s e d  a t  

t h e  same r a t e .  

Edlefsen and Cole (34)  conducted a  s e r i e s  of t e s t s  with plummets of 

d i f f e r e n t  shapes us ing  the  p i p e t t e  nethod a s  a check. Their  conclus ions  

were : 

a .  Data from e l l i p s o i d a l  plummets of d i f f e r e n t  s i z e s ,  a l l  - 
1 0  cm. i n  l e n g t h  b u t  with volumes of about 46, 14 ,  and 4.5  cc . ,  
were i n  c l o s e  agreement mutual ly and with p i p e t t e  d a t a .  

b .  A s p h e r i c a l  plummet was n o t  i n  agreement a t  t h e  s t a r t  
wi th  e i t h e r  t h e  e l l i p s o i d a l  plummets o r  t h e  p i p e t t e  due to  
s e t t l i n g  of m a t e r i a l  on top ,  when withdrawal between readings  
was n o t  p o s s i b l e .  I n  l a t e r  t e s t s ,  when t h e  plummet was with- 
drawn b e t w e n  readings ,  t h e r e  was good agreement. 

c ,  Plummet d a t e  on d u p l i c a t e  samples agreed c l o s e l y .  - 
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Suspended from + 

b 

Fig .  57--Plummet appara tus  3. S.  
Bureau af Mines (1921). 

Fi.7. 58--Nieuwenburg and Schoutens 
plummet appara tus  (1928) . 

Fig .  59--Edlefsen and Cole plummet 
apparatus (1936) . 

FIGS. 57, 58 & 59 
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d .  When conpared with the  p i p e t t e  method t h e  plummet - 
method i s  a o r e  r ap id  an2 czn be used over  about  t he  same range 
of s i z e s  t o  which the  p ipe t t , e  i s  adap tab le .  

e .  Because i t  r e q u i r e s  akout, r! mlnute t o  take  tho  f i r s t  - 
reading i t  i s  not pcs s ib l e  t c  use  t h e  Edlefsen-Cole plumnet 
appsra tus  f o r  p a r t i c l e . -  with fall v e l o c i t i e s  g r e a t e r  <!;an 0.25 
cm ./sec , 

29. Manometer--If a  manometer 2.s connected near  t h e  base of a 

se6Anentstion coluJm, t h e  h e i g h t  t o  which t h e  pure l i q u i d  w i l l  r i s e  

above the  l e v e l  i n  t he  sedimentaticr;  column i s  d i r e c t l y  p ropor t iona l  t o  

the  r e l a t i v e  d e n s i t y  of t h e  two l i qu ids .  The r a t e  of decrease  of t h e  

d i f f e r ence  between t h s  two colurm ne igh t s  can be c o r r e l a t e d  wi th  f a l l  

v e l o c i t i e s  of p a r t i c l e s  so  t h a t  s i z e  de t e rmina t ions  can be made. 

The numerous devices  t h a t  have beer? developed o n t h i s  p r i n c i p l e  s i n c e  

i t s  f i r s t  u se  by Wiegner (60) i n  1918, evidence i t s  widespread popu la r i t y  

and appa ren t ly  succes s fu l  adap ta t ion  t o  p a r t i c l e  s i z e  de te rmina t ion  i n  a 

v a r i e t y  of f i e l d s .  Wiegnerfs  appara tus ,  shovm i n  Fig.  60, r e p r e s e n t s  

the  manometric device  i n  i t s  s imples t  form. With the  s t o p  cock closed t o  

prevent premixing, t h e  l e v e l  of t he  suspension i n t h e  sedimentat ion column 

and t h e  water  l e v e l  i n  t h e  manometer tube  a r e  ad jus t ed  t o  t h e  same l e v e l .  

Af te r  t h e  p a r t i c l e s  s r e  uniformly d i spe r sed  throughout t h e  sedimentat ion 

column t h e  s t o p  cock i s  opened a t  the  i n s t a n t  t h e  s e t t l i n g  a c t i o n  begins .  

A t  t h e  s t a r t ,  and a t  predetermined t imes from the  s t a r t ,  d i r e c t  readings  

o f t h e  water  l e v e l  i n  t h e  manometer tube a r e  made. With complete d i spe r s ion  

a t  t h e  s t a r t ,  t h e  d a t a  determined i n  t h i s  manner can be p l o t t e d  with time 

as a b s c i s s a e  t o  ob ta in  a  curve of a  form similar t o  t h a t  of t h e  Oden 

c lxve  b u t  d i f f e r e n t  i n  t h a t  one i s  a  d e p l e t i v e  and the  o t h e r  an accumula- 

t i v e  curve. The i n t e r p r e t a t i o c  of t he  d e p l e t i v e  curve produced by 



Section 29 102 

Wiegner's tube, and all others that consist of only one manometer opening 

and where initial dispersion is used, is identical with that for the Oden 

type accumulative curve which, as described and discussed in Section 24, 

requires a graphical solution in routine analysis because of a complex 

analytical relationship. 

There are a number of inherent features, present in all manometric 

devices applied to measurement of density, that may or may notbe serious, 

depending upon the design and operation. Since the densities in the two 

connected columns are different, particularly so at the start, at the 

moment of opening or the moment the liquids come in contact, there is a 

decided tendency for mixing to take place that may set up currents which 

will affect the fall of particles. As the water level in the manometer 

tube falls, water flows into the sedimentation tube thereby producing 

objectionable cross currents. The inherent lag in the fall ofthe meniscus 

in the manometer, due mostly to adherence to the sides of the tube is 

particularly serious when the particles are large and have high fall 

velocities. Consideration must also be given to evaporation from both 

tubes when the analysis continues over a long period of time. 

The small liquid level differential in the two columns demonstrates 

the need for sensitive manometers or precise observation equipment and 

general refinement in technique as illustrated in the following example. 

Consider a sedimentation column with 100 cm. distance from the top to the 

manometer opening. At the start of an analysis with a 1.0 per cent con- 

centration of solids of specific gravity 2.65, completely dispersed 

through the column, the manometer liquid level will be only about 6 mm. 

higher than the sedimentation column. Since the ordinary type of size 
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grada t ion  produces a c u r v i l i n e a r  accumulation o r  d e p l e t i o n  curve, a l a r g e  

por t ion  of t h i s  6 mm. d i f f e r e n c e  w i l l  be deple ted  e a r l y  i n  t he  a n a l y s i s .  

The d i f f i c u l t q  i n  s ecu r ing  accu ra t e  v i s u a l  readings f o r  an e n t i r e  s i z e  

a n a l y s i s  with a simple Wiegner tube i s  obvious. 

Modif icat ions and improvements t o  Wiegner's tube  appeared very 

s h o r t l y .  S t iny  (37)  placed a small  f l o z t  a t  t he  t o p  of t he  manometer 

tube,  as i l l u s t r a t e d  i n  Fig.  61, t h a t  ac tua ted  a p o i n t e r  moving on a 

c i r c u l a r  s c a l e .  I n  a d d i t i o n ,  t o  e l iminnte  t he  somewhat objec t ionable  

g raph ica l  i n t e r p r e t a t i o n  of t he  Oden-type curve, he introduced the  

m a t e r i a l  a t  the  t o p  of t he  sedimentat ion column through a t r a p  door 

arrangement. A s  d i scussed  previous ly ,  t h i s  has no t  been demonstrated a s  

being r e l i a b l e  f o r  f i n e  ma te r i a l  a l though it has been apparent ly  success-  

f u l  wi th  s i l t s  and sands. 

Gessner (37) devised a photographic device f o r  Wiegner 's tube t h a t  

au toma t i ca l ly  recorded the  water column he ight  on a revolving drum 

with somewhat increased s e n s i t i v i t y  and accuracy. Barnes (16)  modified 

Wiegner 's apparatus  by us ing  a smal le r  diameter manometer tube equipped 

with a s e n s i t i v e  measuring device .  A needle po in t  was ad jus ted  t o  t h e  

sur face  of t he  water wi th  a ra tche t -gear  arrangement. The exac t  po in t  of 

con tac t  was determined wi th  a galvanometer i n  an e l e c t r i c a l  c i r c u i t  

between t h e  water column and needle  po in t .  A movement of t h i s  needle  

point  of only 0.005 mm. could be observed on a d i a l .  An advantageous 

f e a t u r e  of t h i s  arrangement was t h a t  both tubes could be covered a t  t he  

top  t o  prevent  evaporat ion.  A small tube connected the  a i r  chambers 

above the  columns so t h a t  p re s su re s  would be equal ized.  

Knapp (56)  descr ibes  a r a t h e r  r ecen t  (1934) appara tus ,  shown i n  
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F ig .  62, which i s  adapted. t o  mass ana lyses .  The p re s su re  i s  t r ansmi t t ed  

from t h e  sedimentat ion c o l m  t o  a  bel lows arrangement & . The m a t e r i a l  

i s  d i spersed  a t  t h e  s t a r t  through use of t he  s t i r r i n g  rod 3 , t h e  

bel lows being compressed t o  i t s  l i m i t  p r i o r  t o  opening va lve  1 . A t  t h e  

moment of opening va lve  J the mi r ro r  M , mounted so  t h a t  one s i d e  may 

move wi th  movements of t h e  bel lows,  i s  t ipped  a  c e r t a i n  degree depending 

upon t h e  i n i t i a l  concent ra t ion .  An i n t e r m i t t e n t  beam of l i g h t  from a 

source  impinges upon the  mi r ro r ,  is r e f l e c t e d  through l e n s  I,2 , i n t o  

a  r ec t angu la r  s l i t ,  and on t o  a  l a n t e r n  s l i d e  p l a t e  . The l e n s  b r i n g s  

t h e  r e f l e c t e d  l i g h t  beam i n t o  sha rp  focus  on t h e  s l i d e  so  that movements 

of t h e  mir ror  produced by changes i n  pressure  o r  column d e n s i t y  a r e  

recorded a s  po in t s .  The s e n s i t i z e d  s l i d e  r e s t s  i n  a c a r r i a g e  t h a t  moves 

a t  a  known r a t e  of speed. This  device  has been developed f o r  mass 

product ion t o  t h e  e x t e n t  t h a t  one arrangement houses s i x  complete s ed i -  

mentation u n i t s  \ ~ r i t h  un i f i ed  c o n t r o l  of t i n e ,  temperature,  and removal 

of ma te r i a l .  

Kel ley (55) modified Wiegnerls tube  by i n c l i n i n g  t h e  manometer tube  

t o  g r e a t l y  magnify t h e  changes i n  d e n s i t y  and thereby  permitmore accu ra t e ,  

d i r e c t  readings .  H i s  dev ice  i s  i l l u s t r a t e d  i n  Fig.  63. 

The F o r t  Peck manometer, shown i n  F ig .  64,  which i s  s i m i l a r  i n  

p r i n c i p l e ,  has  a  small water  r e s e r v o i r  a t  t h e  t op  of t h e  sedimentat ion 

column t o  reduce evapora t ion .  The Tennessee Valley Au thor i ty  and t h e  

U. S. Engineer Department, Omaha D i s t r i c t ,  have a l s o  developed and used 

t o  some e x t e n t  s i m i l a r  manometer devices  f o r  s i z e  a n a l y s i s  i n  t h e i r  

sediment i n v e s t i g a t i o n s .  

The "s iphonic  sedimentometerv (129) shown i n  Fig. 65, a l s o  u t i l i z e s  
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F i g .  60--Wiegnerl s 
manometer (1918). 

F ig .  61--Stinyfs modif icat ion of 
Wiegnerl s manometer (1927) . 

Fig.  62--Knappl s bellows manometer 
wi th  automatic  recording 

appara tus  (1934). 

F ig .  63--Kelleyls i nc l ined  
manometer tube (1924). 

FIGS. 60, 61, 62 & 63  
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t h e  i n c l i n e d  t u b e  f o r  g r e a t e r  a c c u r a c y  and,  i n  a d d i t i o n ,  h a s  t h e  a d v a n t a g e  

of n o t  r e q u i r i n g  s p e c i a l  equipment.  The s iphon t y p e  manometer, w i t h  a 

p o i n t e r  a t t a c h e d  f o r  i n i t i a l  r e f e r e n c i n g  t o  t h e  s u r f a c e  o f  t h e  sedimenta-  

t i o n  column, o p e r a t e s  on t h e  p r i n c i p l e  of h y d r o s t a t i c  e q u i l i b r i u m  i n  

c o ; ~ ~ - n u n i c a t i n g  v e s s e l s .  

Lanber t  and Wightnan ( 6 1 )  deve loped  a s e n s i t i v e  nanomet r ic  a p p a r a t u s  

w i t h  a n  au tomat ic  r e c o r d i n g  d e v i c e  b u t ,  i n s t e a d  of a t u b e  i n c l i n e d  a t  

some a n g l e  w i t h  t h e  h o r i z o n t a l ,  t h e y  used a  c a p i l l a r y  t u b e  e x a c t l y  h o r i -  

z o n t a l  a t  approximately  t h e  t o p  o f  t h e  suspens ion  column. The r a t e  o f  

movement o f  t h e  meniscus i n  t h i s  c a p i l l a r y  t u b e  can be r e l a t e d  t o  t h e  

change i n  d e n s i t y .  The a u t o m a t i c  r e c o r d i n g  d e v i c e  c o n s i s t s  o f  a camera 

aad moving c y l i n d e r s  w i t h  s e n s i t i z e d  paper .  A l i g h t  beam above t h e  

manometer t u b e  f l a s h e s  p e r i o d i c a l l y  and t h e  image of t h e  w a t e r  column i s  

recorded  upon t h e  pho tograph ic  paper ,  p roduc ing  a  d e p l e t i o n  curve ,  l i k e  

FCE i n  F i g .  66,  t h a t  r e q u i r e s  g r a p h i c a l  i n t e r p r e t a t i o n  as demons t ra ted  

p r e v i o u s l y .  Recordings A and 4 '  a r e  i n i t i a l  ane  f i n a l  c a l i b r a t i o n  

c u r v e s ,  r e s p e c t i v e l y .  Although t h e  volume of w a t e r  e n t e r i n g  t h e  s e d i ~ e n -  

t a t i o n  c y l i n d e r  i s  reduced th rough  t n e  u s e  of a c a p i l l a r y  t u b e ,  LamSert 

and Wightman i l l u s t r a t e  how it may be  conpensated f o r  by i n i t i a l  c a l i b r a -  

t i o n s  o r  by c e r t a i n  c o r r e c t i v e  e q u a t i o n s  g iven  i n  t h e i r  a r t i c l e .  They 

a l s o  r e c o g n i z e  t h e  l a g  i n  t h e  c a p i l l a r y  t u b e  which i s  due t o  v i s c o s i t y  

and a p p l y  a c o r r e c t i o n  t o  t h e  d e p l e t i o n  curve d u r i n g  t h e  i n i t i a l  s e t t l i n g  

t ime  where t h i s  e f f e c t  i s  of s i g n i f i c a n t  magnitude.  

There have been a number o f  o t h e r  a d a p t a t i o n s  of t h e  manometric 

p r i n c i p l e ,  mainly  i n  t h e  u s e  o f  a d a i t i o n a l  1,lhnometer open ings  and 

r a d i c a l l y  d i f f e r e n t  t y p e s  of p r e s s u r e  measur ing d e v i c e s .  Zunlcer's 
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apparatus (37), shown in Fig. 67, was an improvement over Wiegnerls, 

chiefly in that the liquid level in the sedimentation column was measured 

at a point slightly below the surface because during initial dispersion, 

foam tended to form on the surface. The manometer could be disconnected 

from the sediment column at points A , an advantageous feature in that 
no disturbance to the manometer occurred during the initial dispersion. 

Crowther's U-tube manometer ( 3 7 ) ,  shown in Fig. 68, measured the 

change in density over a short distance near the base ofthe sedimentation 

column and provided a density-time curve whose ordinates could be inter- 

preted directly in terms of fall velocities and corresponding particle 

sizes. Obviously, an objectional feature is the difficulty of measuring 

accurately the small differences in the height of the liquid columns. 

The apparatus shown in Fig. 69a, which was developed by Lubirsky and 

Kosman (37), is similar to Crowtherls in that changes in density are 

measured over a short column height. Fr is the sedimentation column and 

and 22 manometer colurnns extended to about the same height as Fr 

so that water could be used rather than a liquid of greater density as is 

necessary with Crowtherls apparatus. In operation the density difference 

between two adjacent connecting tubes, for example 111 - & , is 

secured by having only theproper connecting tubes open into S1 and s2 . 
The object of having five sets of connecting tubes is to maintain a 

somewhat constant arid reasonable settling time as the material to be 

analyzed decreases in size. This is possible because the water-sediment 

is poured into the sedimentation column at the top rather than being 

initially dispersed. The automatic recording device, illustrated in 

Fig. 69b, consists essentially o f a  mirror, mclunted ona platform supported 
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Fig.  64--Fort Peck 
manometer (1939). 

Fig.  66--Graphical data from Lambert s 
and Wightman' s photographic 

recordinq manometer. 

Fig. 68--Crowtherls manometer (1927). 

k=d 
Fig.  65--Russian "siphonic 
sedimentometer" (1935). 

&aonatsr bdianntat ion Tuba 

U 

Fig.  67--Zunkerls manometer 
(1922). 

FIGS. 64, 65, 66, 67 & 68 
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by f l o a t s  and S2 , t h a t  r e f l e c t s  l i g h t  from a f ixed  source on t o  a 

revolving d m  covered with s e n s i t i z e d  photographic paper. The most 

quest ionable point  about t h i s  appara tus  and method i s  the  manner of  

introducing t h e  ma te r i a l .  

In  1925, Oden (66) inves t iga ted  e x i s t i n g  equipment and methods t h a t  

employed the  change i n  dens i ty  p r i n c i p l e  and was n o t  s a t i s f i e d  with t h e  

s e n s i t i v i t y  and accuracy which they afforded.  A s  a r e s u l t  he developed 

the  apparatus shown i n  Fig.  70, i n  which g rea te r  d i f f e rences  i n  column 

height  were obtained by using pentane, a l i q u i d  of low s p e c i f i c  g rav i ty ,  

f o r  a balancing l i q u i d .  To avoid e f f e c t s  of temperature changes he  

immersed the  manometer i n  the  sedimentation column. He s t a t e s  t h a t  t h e  

instrument proved successful  i n  labora tory  work. De ta i l s  o f t h e  apparatus 

and its opera t ion  are :  

The manometer A , graduated a t  t h e  top  in m i l l i m e t e r s ,  
enlarges i n t o  a bulb C which has a small communicating opening 
a t  the  bottom. A t  t he  s t a r t ,  a very small amount of water is  
drawn up i n t o  2 so  t h a t ,  a s  the  d e n s i t y  decreases a t  l e v e l  
D i n  t h e  sedimentation column, water r a t h e r  than pentane 
-7- 

bubbles w i l l  be emit ted.  The suspension i s  i n i t i a l l y  i n  
where it i s  shaken vigorously before t h e  a i r  pressure from 
supply 2 i s  turned on, whence it i s  forced i n t o  the sedimenta- 
t i o n  column i n  a d ispersed  condit ion.  When the  column i s  f u l l ,  
a s  evidenced a t  an o u t l e t  2 , the  va lve  N i s  closed and t h e  
a c t u a l  a n a l y s i s  proceeds a f t e r  proper referencing of the  column 
height  t o  the  pentane he igh t  i n  the  manometer. 

The da ta  r e q u i r e s  graphica l  i n t e r p r e t a t i o n ,  as do o the r  methods with 

s ing le  point  d e n s i t y  readings. 

A r a d i c a l l y  d i f f e r e n t  type of pressure  o r  d e n s i t y  measuring device,  

i l l u s t r a t e d  i n  Fig. 71, was devised a t  an e a r l y  d a t e  by Ostwald (37).  

The suspension was poured i n t o  an open conta iner  S . The a i r  was 

evacuated i n  chamber E: , t o  a predetermined pressure .  Then, by means 
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of a three-way stop cock the evacuated chamber was connected to the 

sedimentation column that extended into the suspension in 3 . The sus- 

pension was drawn to a certain height and, maintaining the same vacuum in 

E the height of the sedimentation column was observed at stated inter- - ?  

vals as it raised as the material settled into the container below. The 

accumulation type of curve was obtained. Obviously, difficulties would 

be encountered from variations in atmospheric pressure if the analysis 

was of long duration and from variations in pressure in due to slight 

temperature changes. 

A simple apparatus developed by von Hahn is illustrated in Fig. 72. 

It consisted of an inverted U-tube with theopen ends immersed in separate 

vessels one of which contained the suspension, the other a pu.re liquid. 

A vacuum pump lifted the liquids to relative heights proportional to 

their densities. Then the valve in the upper stem was closed, sedimenta- 

tion in the suspension column proceeded and the column heights were 

o3served periodically. It is apparent that this device is simpler to 

operate than Ostwald's, which is designed on the same principle. 

30. Centrifugal methods--The centrifuge has been employed advan- 

tageously for size separation of extremely fine pnrticles. It has been 

used most extensively in the study of colloidal suspension, and, more 

recently, in the actual separation of molecules for molecular weight 

determinations. Ultra-centrifuges with rotors traveling at 135 000 to 

160 000 r.p.m. producing intense centrifugal fields exceeding the force 

of gravity by a million times have been developed for deternining weights 

of molecules. 
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a .  Sedimentation and -- 
manometer tubes .  

b. D e t a i l s  of automatic  - 
recording mechanism. 

'i~ ,. GS--Lubirskyls and Kosmanls manometer (1927).  

--, " n n .,, 3:; , ~.,--0den' s inkerr la1 Fig.  71--Ostwaldls Fi.5. 72--von Hahn' s 
rnzliometer (1~25) . manometer (1922). manometer. 

r -  7 r( - 
2 ).\:a. 63, 70, 71 & 72 
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The c e n t r i f u g e  appeared among t h e  e a r l y  dev ices  used i n  mechanical 

a n a l y s i s  of s o i l s .  Yoder 's appara tus ,  descr ibed  p r e v i o u s l y i n  Section 22, 

combining the  methods of e l u t r i a t i o n  and c e n t r i f u g i n g ,  was devised  i n  

1904. About t h e  same tlme t h e  simple cen t r i fuge ,  shown i n  F ig .  73, was 

developed by t h e  U .  S.  Department of Agr icu l ture  (25)  f o r  a n a l y s i s  of 

s o i l s .  A more r e c e n t  appara tus ,  shown i n  Fig* 74, developed p r i m a r i l y  

f o r  a n a l y s i s  of suspensions wi th  p a r t i c l e s  sma l l e r  than 1 .0  mlcron 

d iameter ,  was developed by Svedberg and Nichols (103) .  I ts  e s s e n t i a l  

p a r t s  cons is ted  of a  r o t a r  A , d i r e c t l y  connected t o  a  s p e c l a l  20 000 

r.p.m. motor, and two sed inen ta t ion  tubes  I, . A d i s k  1 , with  a s l o t  

d i r e c t l y  beneatk the  sedimentation tubes,  a l lows  a  beam of l i g h t  r e f l e c t e d  

from an l n c l i n e d  mir ror  P t o  pass through t h e  suspens ori and on t o  a 

s e n s i t i z e d  photographic p l a t e .  The d e n s i t y  of t h e  suspension is determined 

q u a l i t a t i v e l y  from t h e  r e l a t i v e  d e n s i t y  of t he  nega t ive .  

Trask (116) developed a  c e n t r i f u g e  e s p e c i a l l y  f o r  a n a l y s i s  of  

sediments,  t h a t  opera ted  f a i r l y  s a t i s f a c t o r i l y  with s i l t - c l a y  suspens ions .  

Four graduated sedimentat ion tubes of 100 c c ,  volume werenn i r l ed  a t  r o t o r  

speeds varying from 560 t o  2  520 r.p,m- Me2surements o'the volume of t h e  

depos i t ed  sediment were made a f t e r  c o n t r o l l e d  r o t a t i o n  per lods .  A r a p i d  

technique  was developed whereby one man could ana lyze  f o u r  samples 

completely,  inc luding  t h e  c a l c u l a t i o n  of d a t a ,  i n  2 hours .  

A t  t h e  p re sen t  time t h e  cen t r i fuge  method is  n o t  I n  common use  f o r  

r o u t i n e  s i z e  a n a l y s i s  of s o i l s  o r  sediments.  Although it i s  adapted t o  

r ap id  a n a l y s l s  of f i n e  ma te r i a l ,  and, i f  t he  equipment i s  p rope r ly  

designed, al lows a  number of ana lyses  t o  be conducted s imultaneously,  

t h e r e  a r e  s e v e r a l  reasons  f o r  i t s  no t  be ing  used more g e n e r a l l y .  
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a. For  t h e  o rd ina ry  a n a l y s i s  of s o i l s  and sediments,  
s epa ra t ions  below 2 microns have n o t  been requi red  and o f t en  
no t  below 5 microns. Since t h e r e  a r e  s e v e r a l  o t h e r  methods 
more o r  l e s s  s a t i s f a c t o r y  as t o  accuracy and t ime ,wh ich requ i r e  
only o rd ina ry  l abo ra to ry  equipment f o r  s e p a r a t i o n s  of  p a r t i c l e s  
l a r g e r  t han  t h e s e  s i z e s ,  t h e r e  has been no real urgent  need f o r  
a c e n t r i f u g a l  'method. 

b .  The cen t r i fuge  method has a number of ob jec t ionab le  
inherent  f e a t u r e s  such as t h e  s w i r l i n g  c u r r e n t s  i n  t he  sedimen- 
t a t i o n  tubes ,  a f t e r  r o t a t i o n  has stopped, and t h e  n e c e s s i t y  f o r  
uniform a c c e l e r a t i n g  and d e c e l e r a t i n g  r a t e s  t o  v a l i d a t e  t h e  
c o r r e c t i v e  f a c t o r .  

c .  I t  has t he  p r a c t i c a l  d i f f i c u l t y  of ob ta in ing  a com- 
p l e t e i y  d i spe r sed  suspension a t  the  start .  

d .  Because the  sedimentat ion tube  is  i n  r ap id  motion 
r a t h e r  than  s t a t i o n a r y ,  t h e  measurement of  p a r t i c l e  s e t t l emen t  
becomes d i f f i c u l t .  The methods of accomplishing t h i s  w i l l  be 
d iscussed  i n  t h e  fo l lowing  paragraph. 

In  conducting an a n a l y s i s  with a  c e n t r i f u g e ,  t he  genera l  p r a c t i c e  

i s  t o  start wi th  t h e  sediment completely d i spe r sed  i n  t h e  sedimentat ion 

tube. Five d i f f e r e n t  methods have been used f o r  ob ta in ing  d a t a  which can 

be expressed i n  s i z e  f r a c t i o n s :  

a. Accumulation curve of t h e  Oden type,  sub jeo t  t o  
g raph ica l  a n a l y s i s .  Data i s  secured by s topping t h e  cen t r i fuge  
a t  va r ious  times and no t ing  t h e  depth  of accumulated sediment, 

b .  P i p e t t e  samples. The c e n t r i f u g e  i s  stopped a t  c e r t a i n  
times-during t h e  a n a l y s i s  and a p i p e t t e  sample i s  secured from 
each sedimentat ion tube. 

c .  Removal of f i n e r  m a t e r i a l  by e l u t r i a t i o n .  The e n t i r e  
f r a c t i o n  of a  c e r t a i n  s i z e  range i s  secured f o r  weight measure- 
ment. 

2. Use of s p e c i a l  tubes .  The tube  shown i n  Fig. 75, 
devised f o r  heavy mineral  s epa ra t ions ,  a l lows  two f r a c t i o n s  t o  
be obtained.  During i n i t i a l  d i s p e r s i o n  t h e  s toppe r  A c l o s e s  
t h e  opening i n t o  2 ; dur ing  r o t a t i o n  t h e  en t r ance  i n t o  Q i s  
open al lowing t h e  heavy m a t e r i a l  t o  s e t t l e  t h e r e .  The most 
important f e a t u r e  of t h i s  s p e c i a l  tube  is t h a t  the upper f r a c t i o n  
can be poured o u t  without in te rmixing  wi th  t h a t  below. 

e .  Measurement of t h e  t u r b i d i t y  by means of t h e  l i g h t  
absorbing o r  r e f l e c t i n g  p r o p e r t i e s  of t h e  suspensions.  
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Fig .  73--Early U .  S. Department 
of Agr i cu l tu re  c e n t r i f u ~ e  

(about  1904) . 
Fig.  75--Taylor's centr i -  

fuge tube (1933). 

Fig .  74--Svedberg ' s and Nichols1 
c e n t r i f u g e  (1923).  

FIGS. 7 3 ,  74 & 75 
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A d i f f e r e n t  a p p l i c a t i o n  of t h e  c e n t r i f u g e  was employed by Westgren 

(104) i n  1915. He placed suspensions of gold s o l s ,  a ve ry  f i n e  ma te r i a l ,  

i n  smal l  sedimentation cy l inde r s  and cent r i fuged  them u n t i l  a l l  t h e  

s o l i d s  were deposi ted a t  t h e  bottom. Then he placed t h e  c y l i n d e r s  bottom 

u p  and allowed the  sedimentat ion t o  proceed a  given l e n g t h  of time a f t e r  

which he turned them 90° t o  a  h o r i z o n t a l  pos i t i on .  The ma te r i a l  was 

depos i ted  along t h e  s i d e  of the  sedimentat ion cy l inde r  i n  some o rde r  of 

s i z e  corresponding t o  t he  f a l l  v e l o c i t i e s  which provided d a t a  f o r  a  d i s -  

t r i b u t i o n  curve. The e r r o r s  due t o  oppor tun i t i e s  f o r  d i f f u s i o n  and 

in te rmixing  were recognized.  

I n  a  c e n t r i f u g a l  sedimentat ion system the f o r c e  inducing  sPdimentatim 

of a p a r t i c l e  i s  a func t ion  of t h e  angu la r  v e l o c i t y  and t h e  mass of t h e  

p a r t i c l e .  This f o r c e ,  and consequently t h e  s e t t l i n g  r a t e  o f t h e  p a r t i c l e ,  

i s  n o t  cons tan t  because t h e  angular  v e l o c i t y  v a r i e s  w i t h d i s t a n c e  from t h e  

a x i s  of r o t z t i o n .  The development of t h e  theory and equat ions  f o r  

i n t e r p r e t a t i o n  of c e n t r i f u g e  d a t a  i n  terms of p a r t i c l e  s i z e  a r e  presented 

by Svedberg and Nichols (103) .  

1 .  m i c a 1  methods--The volume of l i g h t  t r ansmi t t ed  o r  r e f l e c t e d  

by a  given suspension i s  a  func t ion  of t h e  concent ra t ian ,  t h e  numi-.r, and 

t h e  p r o p e r t i e s  of the  p a r t i c l e s  suspended i n  it. O p t i c a l  measurement of 

t u r b i d i t y  has  gene ra l ly  been done e i t h e r  by p a s s i n s  t h e  l i g h t  beam 

d i r e c t l y  t,hrough the  suspension i n t o  a  pho to -e l ec t r i c  c e l l  t o  secure a 

measure of t h e  amount of l i g h t  absorbed, o r  by measuring a t  r i g h t  angles  

t o  t h e  l i g h t  beam, the  amount of l i g h t  r e f l e c t e d .  

The p a r t i c u l a r l y  a-dvantageous f e a t u r e s  of an o p t i c a l  method a r e  t he  
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elimination of disturbances in the sedimentation cylinder and the rapidity 

and ease of securing the data because there are no samples to dry and 

weigh. Favorable, also, is the ease of incorporating automatic recording 

devices without the equipment becoming too complex and too sensitive to 

normal laboratory disturbances. Kalitin (52) points out the excellent 

sensitivity of photometric equipment to changes in concentration, and 

shows that in certain tests he conducted the galvanometer satisfactorily 

reacted to changes in concentration at the rate of 0.1 gm. per 4500 cc. 

of water or 22 p.p.m. 

Unfortunately, a large number of factors (96) affect the light 

transmission or reflection in a suspension and the application of this 

easily executed method has been limited. The more important of these 

factors are: 

a. Refractive index, absorptiori coefficient, and thickness - 
of the suspending medium. 

b. Wave length and condition of the light beam. - 

c -  Number, size, size distribution, and other character- - 
istics, such as the color, transparency, composition, shape, 
angularity, and nature ofthe surface ofthe suspended particles. 

With present equipment and technique it is possible to evaluate and 

control the properties of the suspending medium and light source within 

practical limits. The effect ofthe wave length of light becomes important 

e 

only when the particle diameter approaches it in size. A wave length 

greater than about 2 microns has no apparent effect. The greatest diffi- 

culty in the interpretation of light intensity data f i ~ s  in relating the 

effect of number, size, distribution, and inherent characteristics of the 

particles themselves. In the cement industry, where the properties of 
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t h e  p a r t i c l e s  can be nore o r  l e s s  c o n t r o l l e d ,  t h e  Wagner t u rb id ime te r  

(132) has been used advantageously f o r  t h e  de te rmina t ion  of su r f ace  a r e a  

which, with a given concent ra t ion ,  can be r e l a t e d  t o  p a r t i c l e  s i z e .  In a 

s in , i l a r  manner i t  has been adapted t o  a n a l y s i s  of pa in t  pigments (102) .  

T rax le r  and Barn (117) conducted t e s t s  t o  corpare t h e  Wagner turb id-  

imeter and R o l l e r  a i r  ana lyze r ,  using a w i d e  v a r i e t y  o f d i s p e r s e d  ma te r i a l ,  

such a s  cenent ,  t r a p  roc::, s i l i c a ,  l imes tone ,  and green, r e d ,  and b lack  

s l a t e  powders. Their  conclusion was t h a t  t h e r e  i s  no d i r e c t  r e l a t i o n  

between s u r f a c e  a r e a  and t u r b i d i t y  which i s  common t~ a l l  t h e s e  ma te r i a l s ,  

because of t h e  wide d i f f e r e n c e s  i n  t h e  o p t i c a l  p r o p e r t i e s  of t h e  va r ious  

p a r t i c l e s .  

Among t h e  f i r s t  i n v e s t i g a t o r s  t o  apply  t h e  method t o  t h e  mechanical 

a n a l y s i s  of s o i l s  was Morison (64) who used it i n  1925. The r e s u l t s  

appeared promising b u t  a p p l i c a t i o n  of t h e  method t o  r o u t i n e  s t u d i e s  was 

impossible because abso r2 t ion  c o e f f i c i e n t s  f o r  d i f f e r e n t  t ypes  o f p a r t i c l e s  

were n o t  a v a i l a b l e .  

A beam of p a r a l l e l  l i g h t  which i s  p ro j ec t ed  and measured a f t e r  be ing  

r e f l e c t e d  through some ang le ,  gene ra l ly  90°, i s  commonly lcnown a s  t h e  

Tyndall  beam. Spec ia l  appara tus  t o  accomplish t h i s  i s  known a s  t h e  

Tjndal lmeter  . Tolman, Rjerson,  and o t h e r s  (114) ,  u s ing  a :-imp -:-;ion of  

s i l i c a  ground f i n e  enough t o  pass a 200-mesh s i eve ,  obtained Tyndall  

readings i n  d i r e c t  p ropor t ion  t o  concen t r a t ion  up t o  n e a r l y  0,2 per  c e n t  

c o n c e n t r a t i ~ n .  With g r e a t e r  concent ra t ion  t h e  increased  opaqueness caused 

apprec iab le  abzorp t ion  of l i g h t .  The Tyndallmeter was s e n s i t i v e  t o  con- 

c e n t r a t i o n s  of l e s s  than  0.01 per  cen t ,  suspensions which appealed c l e a r  

t o  t he  naked eye. However, t h i s  e x c e l l e n t  c o r r e l a t i o n  was obtained wi th  
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material identical in gradation and optical properties. The investigators 

appreciated that particle size would have an effect and promoted further 

studies to determine its importance. 

The study of the effect of particle size on the intensity of the 

Tyndall beam showed a definite relationship. With a given concentration, 

the intensity of the beam or reflected light increased as particle size 

decreased. The test material used was ground silica in suspensions of 

0.15 to 0.01 per cent concentration, and particle size ranging from abut 

1 to 20 microns. For a single type of material very satisfactory 

correlation of particle size and concentration was secured. 

Stamm and Svedberg (100) devised equipment and technique for measure- 

ment of the light scattering property of suspensions. Their equipment 

consisted of a small tubular container of suspension located between two 

opposing sources of light. Opposite the sedimentation tube, and at right 

angles to the light beams, was a narrow slit of the same height as the 

sedimentation tube through which the reflected light could pass onto a 

photographic plate. At the start and at selected times during the sedi- 

mentation period exposures were made on individual photographic plates, 

securing a record of the change in density with time. A photometer was 

utilized in determining density from the negatives. 

Suspensions of 1.0 per cent concentration were ordinarily used by 

Stamm and Svedberg with particles varying in size from about 0.5 to 10 

microns. The settling of the particles was considered to follow Stokes8 

law. For the size range of material used, the tests showed thatthe light 

scattered to a degree proportional to the surface area and the number 

of particles. Microscopic measurements appeared to verify this conclusion 
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However, Cheveneau and Audubert had previous ly  shown (84)  t h a t  f o r  

f i n e  m a t e r i a l ,  ranging i n  s i z e  from 1 t o  1 2  microns, t h e  absorp t ion  i s  

p ropor t iona l  t o  t he  d iameters  r a t h e r  than  t o  su r f ace  a r e a ,  andindependent 

of co lo r .  For s t i l l  f i n e -  ma te r i a l ,  c o l l o i d a l  i n  n a t u r e ,  Zeore l l  (84)  

had found t h a t  t he  l i g h t  absorp t ion  was independent of t h e  s i z e  b u t  

s t rong ly  dependent upon t h e  co lo r .  

Richardson developed a  pho to -e l ec t r i c  appara tus  (84) f o r  record ing  

change i n  l i g h t  abso rp t ion  of  p a r t i c l e s  g r e a t e r  than c o l l o i d a l  s i z e  and 

determined t h a t  f o r  p a r t i c l e s  between 1 and 12  microns diameter t h e  

absorp t ion  of l i g h t  v a r i e d  as the  summation of t h e  d iameters  of t h e  

p a r t i c l e s ,  and t h a t  f o r  p a r t i c l e s  g r e a t e r  than  1 2  microns t h e  absorp t ion  

was p r o p o r t i o n a l  t o  t h e  t o t a l  su r f ace  a r e a .  The unique f e a t u r e  of h i s  

device was a  s p e c i a l l y  shaped drum t o o b t a i n  d i r e c t l y  a  l oga r i t hmic  recor% 

of t he  l i g h t  i n t e n s i t y .  Grea ter  s e n s i t i v i t y  was obta ined  during t h e  

i n i t i a l  per iod  where t h e  r a t e  of change of t u r b i d i t y  i s  most r a p i d ,  

The U, S. Engineer O f f i c e ,  Icansas C i ty ,  Missouri ,  incorpora ted  a 

tu rb id i . t y  de t e rn inz t ion  in t h e  l i b o r a t o r y  procezure f o r  sediment inves- 

t i g a t i o n s  i n  t he  Ki s sour i  River  (121) .  The sample was poured i n t o  a  

grzduate ,  where its volume was determined, and then  i t  was shakm 

t,horoughljr. When the  s e d i m e ~ t  was complelieiy 2: spzrs-.d a .turbLdi ty  

de te rmina t ion  was made. The t r u e  concen t r a t ion ,  .?xpressed i n  pai-,-ks w:!: 

mi l l i on ,  ob ta ined  by the  ordiinary sedimenta.tion-decsd.t~.tI.on 2r.d evaporzt ion 

method, was d iv ided  by t h i s  t u r b i d i t y  va lue  t o  zive a flcure u that was 

termed t h e  f f c o e f f i c i e n t  of f i n e n e s s  , ' I  

- , -  
Since t , u rb id i ty  v a r i e s  approxi!nately a s  tile sr;uare o,  :.,:Is di.zme.cer 

f o r  p a r t i c l e s  greater.  than  0.01 mm, a differea~: : :  i n  c o ~ i ~ e ~ s r a z i o n ,  
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ind ica t ed  by t h e  sedimentat ion and evaporat ion method,in samples of equal  

turbidity n e c e s s a r i l y  means t h a t  t h e  p a r t i c l e s  i n  t h e  sample of lower 

concent ra t ion  a r e  of a  smal le r  mean s i z e .  Conversely, i n  two samples 

of equal  concent ra t ion  b u t  with d i f f e r e n t  t u r b i d i t y  readings ,  t h e  sample 

of g r e a t e r  t u r b i d i t y  must conta in  t h e  f i n e r  p a r t i c l e s .  

The main purpose i n  ob ta in ing  t u r b i d i t y  readings  of a l l  suspended 

sediment samples i n  t h e  Kansas C i t y  Engineer D i s t r i c t  and i n  de te rmining  

a  f i n e n e s s  f a c t o r  was t o  allow i n t e r p r e t a t i o n  of o ld  municipal waterworks 

r eco rds  where only  t u r b i d i t y  va lues  were a v a i l a b l e .  Nevertheless ,  t h i s  

i n s t ance  i n d i c a t e s  t h a t  t h i s  method could be incorpora ted  i n t o  s tandard  

l abo ra to ry  procedure t o  check t h e  r e s u l t s  of r e g u l a r  a n a l y s e s a n a p o s s i b l y  

t o  e l imina te  a  po r t ion  of them i f  a  r e l i a b l e  c o r r e l a t i o n  i s  obta ined .  

32. Miscellaneous--Prof. E. W .  Lane has suggested a  sedimentat ion 

appara tus  c o n s i s t i n g  of a  sedimentat ion column and a  s e r i e s  of s l i d e s ,  

spaced a t  unequal v e r t i c a l  i n t e r v a l s ,  dependent upon the  s i z e  l i m i t s  

d e s i r e d  f o r  i n d i v i d u a l  f r a c t i o n s ,  t h a t  can be i n s e r t e d  a t  w i l l  a c r o s s  t h e  

column. The s l i d e s  would be i n s e r t e d  a t  s p e c i f i e d  t imes,  s t a r t i n g  with 

t h e  lowest  s l i d e .  F i n a l l y  t h e  sed inen ta t ion  column would be d iv ided  i n t o  

a  s e r i e s  of compartments, each having a  s l i d e  a t  t he  base t o  ca tch  a  

c e r t a i n  s i z e  f r a c t i o n .  The s l i d e s  could be sc reens  o r  very  shallow 

porous c r u c i b l e s ,  depe~iding on t h e  s i z e  of p a r t i c l e s ,  which would al low 

t h e  water t o  be drawn from t ~ i e  column i f  necessary  with t h e  a i d  of an 

a s p i r a t o r .  When t h e  column was e n t i r e l y  d ra ined  t h e  i n d i v i d u a l  sc reens  

o r  c r u c i b l e s  could be removed and placed i n  an oven f o r  dry ing .  The 

p r i n c i p l e  of t h i s  dev ice  i s  s i m i l a r  t o  t h a t  of Apollov ( s e c t i o n  45) b u t  

it was o r ig ina t ed  independently.  
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The advantages of the apparatus and the opportunities for automatic 

control are apparent. A possible difficulty is the development of a 

satisfactory method for introducing the water-sediment mixtare at the top 

of the sedimentation column. A complete dispersion throughout the column 

would probably not be satisfactory because of the difficulties in 

calculation and because of the greater significance of errors in technique 

since only portions of each size fraction would be secured. A study of 

the practicability of this device is proposed. 

In addition to the methods previously presented that have hadvarying 

degrees of success and popularity in size analysis of particles in the 

microscopic range, there are a few other methods which are more elaborate 

~ u t  less commonly used. They have been developed largely for analysis of 

particles of colloidal size and are probably of little practical value 

at the present for size analysis of sediment samples. 

Svedberg (104) discusses the X-ray method with respect to colloidal 

size analysis and states that it appears to be one of the most promising 

optical methods for studying the structure and size of particles. Aborn 

and Davidson (1) investigated the application of this method to particles 

of microscopic size. Studying silica powders with grades ofmean particle 

size varying from 0.0017 to 0.036 mm. they concluded that: 

a. The size distribution had an appreciable effect upon 
the x-ray pattern. 

b. An estimate of average particle size wouldbeerroneous 
unless the distribution is known. Also they could find no 
quantitative relationship between the X-ray pattern and the 
size distribution. 

The use of filters of very fine pores to determine the size of 

colloidal particles is described by Svedberg (104). Since ordinary sized 



c o l l o i d s  w i l l  pass  through p o r c e l a i n  f i l t e r s  with openings of 0.16 microns 

diameter ,  it i s  necessary t o  impregnate t h e  f i l t e r  with c o l l o d i a n  o r  a  

g e l a t i n  s o l u t i o n  of d i f f e r e n t  concent ra t ion .  Pore s i z e s  were determined 

by means of a i r  flow. The method has no t  been gene ra l ly  s a t i s f a c t o r y  

because t h e r e  a r e  a  number of f a c t o r s  d i f f i c u l t  t o  c o n t r o l .  

Another method f o r  s i z e  s e p a r a t i o n  of extremely f i n e  m a t e r i a l  i s  t o  

u s e  an a l t e r n a t i n g  e l e c t r i c  f i e l d  such a s  developed by Burton and Ried (26)  . 
Under c e r t a i n  condi t ions  p a r t i c l e s  t h a t  a r e  extremely sma l l  w i l l  n o t  

s e t t l e  i n  a  given f l u i d  by g r a v i t y ,  b u t  move cont inuously t o  and from 

wi th  Brownian movement, When an e l e c t r i c  f i e l d  i s  s e t  up t h e  c o l l o i d a l  

p a r t i c l e s  w i l l  move toward t h e  cathode o r  anode, depending upon t h e i r  

charge. I f  t h e  e l ec t rodes  a r e  l oca t ed  i n  a  v e r t i c a l  plane,  one above t h e  

o t h e r ,  and t h e  cu r r en t  i s  f lowing  f i r s t  i n  one d i r e c t i o n  and then  i n  t h e  

o t h e r  f o r  t h e  same du ra t ion  of t ime, t he  d i f f e r e n c e  between up and down 

movement of t h e  p a r t i c l e s  w i l l  be due t o  t he  f o r c e  of g r a v i t y ,  thus  

a l lowing  an a p p l i c a t i o n  of S tokes '  law. 

Since t h e  hydrometer and p i p e t t e  s i z e  a n a l y s i s  methods have become 

so  popular i n  t h e  l a s t  few y e a r s ,  i t  i s  of i n t e r e s t  t o  l e a r n  of t h e  r e c e n t  

development by Hellman and McKelvey (145) of an appara tus  which combines 

both methods i n  an ins t rument  s i m i l a r  t o  t h e  ord inary  s t o r a g e  b a t t e r y  

hydrometer. I t  was designed t o  provide a  method comparing i n  speed wi th  

t h e  hydrometer a n a l y s i s  and y e t  i nco rpora t ing  the  t h e o r e t i c a l  soundness 

of t h e  p i p e t t e .  

The appa ra tus  c o n s i s t s  of a  hydrometer inc losed  wi th in  t h e  b a r r e l  

of a  p i p e t t e .  The hydrometer i s  graduated i n  grams per  l i t e r  (67' F., 

sp .  g r .  2.65) i n  ha l f  gram d i v i s i o n s  from -2 t o  30 grams per  l i t e r .  I t  
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i s  approximately 1 9  cm. i n  ove r -a l l  l ength ;  t h e  bu lb  i s  1.4 cm. i n  

diameter .  The b a r r e l  o f  t h e  p i p e t t e  i s  approximately 28 cm. i n  l e n g t h  

and has  an i n s i d e  d iameter  of 1 .9  cm. t o  al low complete freedom of move- 

ment of t h e  hydrometer. The stem of t h e  p i p e t t e  i s  1 5  cm. i n  l eng th  and 

i s  graduated i n  h a l f  cen t ime te r s  l i n e a r  d i s t a n c e  measured from t h e  t i p .  

Both t h e  hydrometer and t h e  p i p e t t e  a r e  made of pyrex g l a s s .  The volume 

of sample necessary t o  f l o a t  t h e  hydrometer a t  i t s  maximum immersion i s  

approximately 35 cu. cm. 

This  design permits  t h e  t ak ing  of a sample accord ing  t o  t h e  accepted 

p i p e t t e  method, t he  only  d i f f e r ence  being t h a t  t h e  sediment conten t  i s  

read d i r e c t l y  i n  grams on t h e  inc losed  hydrometer i n s t e a d  of dry ing  and 

weighing t h e  sample. 

I t  i s  claimed t h a t  t h i s  method has  c e r t a i n  advantages over t h e  

s t r a i g h t  hydrometer method, namely: 

a .  The d e n s i t y  of the  suspension i s  measured a t  a po in t  
t o  which p a r t i c l e s  of a given s i z e  w i l l  s e t t l e  i n  a given time. 

b. L i t t l e  o r  no d i s tu rbance  i s  c rea ted  by t h e  en t rance  of 
t h e  stem of t h e  p i p e t t e  i n t o  t h e  suspension. 

c .  The sampling time f o r  any grade s i z e  may be computed 
d i r e c t l y  from Stokes1  l a w  and does no t  need t o  be determined 
empi r i ca l ly  a s  i n  t h e  hydrometer method. 

One disadvantage a s  compared wi th  t h e  hydrometer method i s  the  f a c t  

t h a t  t h e  t ime requi red  i s  g r e a t e r .  As an example, s i z e  a n a l y s i s  can be 

made down t o  two microns by t h e  hydrometer i n  two hours .  A s i m i l a r  

a n a l y s i s  by t h e  hydrometer-pipette method r e q u i r e s  e i g h t  hours when 

sampled a t  a depth  of 10  cm. This disadvantage i s  o f f s e t  somewhat by t h e  

f a c t  t h a t  it does no t  r e q u i r e  any more of t h e  a n a l y s t ' s  t ime. 
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In addition, certain advantages are cited over the straight pipette 

method as follows: 

a. The time-consuming weighing and handling of beakers 
and aiiquots is eliminated. 

b. The results may be computed while the analysis is in - 
progress. It is thus possible to determine how far it is 
necessary to carry the analysis to attain a good coverage of 
the size distribution of the particles. 

c. Less steps are involved in handling the aliquots, 
thereTore there is less opportunity for personal errors. 

d. Less equipment is necessary (assuming that many 
analyses are to be run at once). 

The quantity of sediment usedbythe authors in testing the apparatus 

was from 20 to 30 gm. dispersed as in the straight hydrometer method. 

The material coarser than silts was decanted, dry or wet sieved, and 

weighed. 

This hydrometer-pipette method probably is a valuable addition to 

methods of size analysis. It is simple, fast, susceptible to the appli- 

cation of quantity production methods, and apparently accurate at a con- 

centration of 30 grams per liter (3 per cent). The application to lower 

concentrations of suspended sedimen.ts has not been investigated. 

The use of sieves in the analysis of suspended sediment is not yet 

entirely satisfactory. For example, a definite correlation between the 

grain size determined by means of sieves and the sizes indicated by 

settling rates has not been developed. Such data as available indicate 

that sizes determined by the two methods are in close agreement but 

additional substantiatsng information is desirable. 

The sieving standards of the American Society for Testing Materials 

were developed principa.11~ for purposes other than sediment studies and 
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a re  therefore probably not the bes t  which could be developed f o r  t h i s  

f i e ld .  Unt i l  be t t e r  standards a r e  developed, however, it i s  believed 

advisable t o  follow them, except i n  cases where there  a r e  d e f i n i t e  

reasons f o r  doing otherwise. Experienced technicians w i l l  no doubt f i nd  

cases where improvements can be made, but those with l e s s  experience w i l l  

probably secure the best  r e s u l t s  if  they a r e  followed closely.  
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IX. SUMMARY OF PART TWO 

33. Summary--An extensive review of methods of particle size 

analysis of fine-grained sediments has been presented, including a 

discussion of their individual features. In routine analyses, sedimenta- 

tion in water has been used almost exclusively as the means of separating 

particles into size fractions, interpretating the fall velocities in 

terms of particle size by means of Stolces' law. 

In the design of sedimentation equipment for size analysis of fine- 

grained sediments the following general limits should be considered: 

a. Minimum diameter of column - 2 cm. 
b. Maximum concentration of suspended sediment - 2 per cent 
c. Temperature control to within -. 0.5O 
d. Native or distilled water for suspending medium. - 

The advantages and disadvantages of each main size analysis method 

are summarized in Table 4. In addition there have been a number of 

developments in individual techniques, procedure, and equipment that 

deserve emphasis: 

a. Decantation method--The Russian development of a mul- 
tipleautomatic decantation apparatus, Fig. 15. 

b. Pipette method--(l) Andreason's apparatus with a 
thermally insulated cabinet for conducting four analyses 
simultaneously, Fig. 51, and, (2) Bittenhouse's "mass produc- 
tion" methods. 

c. ~ydrometer--(l) Purifs adaptation of the chainomatic 
analytical balance to the hydrometer to secure accurate weight 
measurements, Fig. 56, (2) Puri's laboratory hydrometer, Fig. 
54, permitting more accurate readings of volume, (3) Purils 
field hydrometer, Fig. 55, permitting change in weight of 
hydrometer so that, with different temperatures, depth of 
immersion can be maintained approximately constant, (4) 
Bouyoucos~ sensitive hydrometer for suspensions of 0 to 10 
gm./liter. 

d. Manometer--Odenfs internal manometer, Fig. 70, using 
penlane, a liquid of lower specific gravity than water. 
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SOWURY DISCUSSION OF PR&SEXT METHODS OF SIZE AMLYSIS BQB FIXE-OWNED SEDIMENTS 

Advantageous features  

/ l i c e a t i v e  / sedimentntlon 

Disadvsnt6geoua features  

Decantation 

E lu t r i a t ion  
(water) 

E l u t r l ~ t i o n  
( d r )  

1. h a l y s i s  proceeds automatically. 
2. Utilizen the sens i t iv i ty  of the a a l y t i c a l  balance. 
3. Adqtsble  t c  autonatic recording equipment. 
4. Adaptable to r e l a t i v e b  low concentrations. 
5. Adautable to a r e l e t i v s l y  vide range of  article sizo 

P - 

1. Freaent technique r e s u l t s  i n  an accun la t ive  weight curve tha t  requires  a 
g r a p h i ~ a l  interpretat ion by tangents which i s  not very accurate. 

2. Does not give an acmra te  s ize d i s t r ibu t ion  curve became of effect8 of psn. 
3. Reqxdres elaborate, cost ly  weighing end recording equipment tha t  c s ~ o t  be 

used to  a n d u c t  more than one aaalvsis  a t  a time. 

1. Simple equipment; available i n  moat laboratories .  
2. Laboratory technique re la t ive ly  eimple. 
3. Total amount of each s ize f rac t ion  secured making t h i s  

method advantageous to l o r  concentrations. 
4. Analysis of data  simple because of t o t a l  f rac t ion  being 

secured. 
5. Accuracy cnn be controlled by the number of decantations, 

making t h i s  method a t a b l e  to various type8 of invest- 
igations. 

1. With multi-cylindar e l u t r i a t o r s  separators proceed more 
or  l e s s  automatically. 

2. Analysis of data  simple because of t o t a l  f ract ions being 
secured. 

3. Doee not require an i n i t i a l  uniform dispereion throughout 
the sedimentation tube. 

4. Ad8ptablo to separation of large quant i t ies  of material. 

1. Rapid sspacation of very f ine  material. 
2. Dact ions secured S r e c t l y  i n  d r y  form =,a weight can 

be determined direct ly.  
3. Bo flocculation problems. 

Fractional 
e e d i ~ e n t ~ t l o u  

1. Laborious unlees automatic equipment i s  need to accomplish the dacanta- 
t ions.  (minimum 3 or  4 ) ,  tha t  are  neceseary. 

2. With numerous changes of suspending medium the opportunities f o r  Roc- 
d a t i o n  are  greater .  

3. Requires considerable native or  d i s t i l l e d  ra te r .  
4. Temperature m n t r o l  d i f f i c u l t  v i t h  ordinary equipiant - requlren fro- 

p e n t  temperature mesauramente and a f l ex ib le  time scale. 

1. Di f f i cu l t  to obtain and maintain uniform i-elocity over moss section. 
2. Separation of very f ine  pa r t i c lee  d i f f i c u l t  due to the d i f f i c u l t i e s  of 

controlling low inflow rates .  
3. Opportunity for  f locculat ion h e  to a continually changing e n s p e n d l . ~  

mediun. 
4. Requires a re la t ive ly  large amount of native or  d i s t i l l e d  watar which msy 

be cost ly or  d i f f l c u i t  to acquire. 
5. Baquires the maintenance of a conatant temperature of system and of 

inflowing water. 

1. Requiros very careful control of ve loc i t i e s ,  inflow ra tes ,  and d i s t r i -  
bution over cross section. 

2. Material mdst be i n  a dry, powdered form, existing an individual pa r t i c les .  
3. Requires weciril equipment. 

P ipe t t e  

Total s ize f rac t ion  secured making rnekhod favorable to 
low concentrations. 
E l i d n a t e s  the objectionable graphical analysis necessary 
with accumulative sedfmentation method. 
Adaptable to a wide range of pa r t i c le  sizes. 
Adaptable to re la t ive ly  eimple autonatic apparatus. 
Flexible i n  allowing shortening of sedimentation column 
and therefore securing advantageous s e t t l i u g  times v i t h  
very f ino material. 

Laboratory technique rapid and re la t ive ly  simple. 
Simple equipment may be used: available i n  most labora- 
tor ies .  - 
Accuracy and r e l i a b i l i t y  have been def in i t e ly  established 
f o r  use v i t h  moderate concentrations (1-2%). . . .  
Character of data  i s  inch that d i rec t  interpretat ion in to  
eize grades i e  possible. 
Less disturbance to eedimentation mlumn than e i the r  
hydrometer or  plummet. 
Adaptable to maaa analyses and the use of axtomatic 
equipment. 
Blexlble i n  allowing shortening of sedimentation colnmn 
and therefore s e w i n g  advantageous a e t t l i n g  times wlth 
vem f ine  material.  

- - - 

1. Requires the introduction of the material a t  the top of the eedimentation 
column, a technique tha t  hao not been ea t i s fac to r i ly  perfected f o r  f ine  
material.  

2. Pract ical  d i f f i c u l t i e e  i n  col lect ion of fract ione f o r  m i g h t  mesanrementa 
so a8 not tc dieturb the sedimentation column. 

1. Small eample, (i0-20 cc general ly) ,  requires carefkl and accurate labora- 
tory technique because of a magnification of e r ro rs  to the r a t i o  of the 
volume of the sedimentation mlumn to  the volume of the p ipe t t e  eample. 

2. I t s  use with l o r  concentrations i s  questionable b e w e e  of th, very smaU 
sample secured. 

3. Requires a very uniform I n i t i a l  dispersion because of the sampling occur- 
r ing  more or l e s s  a t  a point. 

4. I t  vithdravs a sample from a somevhat spherical area rather  than a t.ry 
thin layer  over the e n t i r e  croes section. 



Hydrometer 

Plummet 

Hanome t e r  

Centriftagal 

Optical 

1. Laboratory technique rapid and simple. 
2. Simple equipment, available i n  most laboratories. 
3. Accuracy and r e l i a b i l i t y  have been def in i te ly  established 

f o r  certain types of analyses. 
4. Character of data i s  such tha t  d i rec t  interpretat ion in to  

s ize grades i s  possible. 
5. Adaptable to mass analyses. 
6. I f  accurate weight measurements are used there a r e  possi- 

b i l i t i e s  for  development fo r  use with low concentrations. 

1. I t  lends i t s e l f  readily to weight determinations by ana- 
l y t i c a l  balance; more so than the hydrometer. 

2. Laboratory technique rapid and re la t ive ly  sinple. 
3. Equipment f a i r l y  simple unless automatic weighing and re- 

cording devices are incorporated. 
4. Sensitive and appears adap tab l~  to low concentrations. 
5. Character of date such that  d i rec t  interpretet ion into 

s ize grades i s  possible. 
6. Maptable to mass analyses. 
7.  Hss advantage over hydrometer i n  being of smaller volume 

and introducing l e s s  disturbance. 
8. Calculations simpler than with hydrometer because of no 

change i n  immersed volume or  signif:cant change of posi- 
t ion i n  column. 

1. Laboratory technique re la t ive ly  simple. 
2. Adaptable to e i ther  eimple or mnplex equipment depending 

upon the accuracy and extent of automatic control desired. 
3. Readily adaptable to eatomatic recording equipment. 
4. Adaptable to mass analyses. 

1. Ulovs  rapid separation of very f ine material. 
2. Allows a number of separations to be conducted sinul- 

taneoualy. 

1. Bo disturbance to sedimentation column. 
2. M i n i m  of laboratory work because of no samples to 

dry and weigh. 
3. Xxtremely sensitive. 
4. Readily -table t o  automatic recording equipment. 
5. Adaptable to maas analyses. 

1. Ordinary hydrometer not adapted t o  very accurate work d t h  lov  concentra- 
tions largely because of d i f f i cu l ty  i n  reading immersed volume accurately. 

2. Change i n  weight of hydrometer due to par t i c les  s e t t l i n g  on shoulders of 
bulb introduces errors .  If the procedure i s  to have hydromster i n  sus- 
pension only during reading, the disturbance i n  removing and immersing 
i s  objectionable. 

3. I f  hydrometer i s  l e f t  immersed the decrease i n  cross-sectional area re- 
s u l t s  i n  an increased densi ty ,  t end iw to give higher density readings 
and theraforn an abnormally high percentage of small par t i c les .  

4. Bulb extends over a portion of the colwnn an3. t h e ~ e f o r e  secures an average 
value of densify rather  than density a t  a ce r ta in  elevation. 

5. Ordinary hydrometer sinks a s  densitg decreases resul t ing i n  a measurement 
of density over a changing height of column. 

1. Change i n  weight of plummet due to par t i c les  s e t t l i r g  on shoulders must be 
considered. I f  p rocebre  i s  to  have plummet i n  euspension only during 
readlng, the disturbance i n  removing and immersing i s  objectionable. 

2. I f  plummet i s  1. f t  immersed the decrease i n  cross-sectional area resu l t s  
i n  an increased density, tending to give hi&er decsity readings and 
therefore an abnornally high percentage of small part icles .  

3. Bulb extends over a port ioc of the column and therefore secures an average 
value of density rather  than density a t  a certein elevation. 

- 
1. Not accurate for  d i rec t  v i s a  readings of ver t i ca l  tube. Accuracy in- 

creased when an inclined tube i s  used. 
2 .  Errors due to paral lax when direct  visual readings are made. 
3. Tendency for  intermixing and currents i n  aedfmentation columns a t  s t a r t  

due to difference i n  densi t ies  i n  column and manom ter .  
4. As the density i n  the sedimentation column decreases a flow of l iqu id  from 

manometer into column occurs. producing cross currents  tending to a f fec t  
par t i c le  f a l l .  

5. Single manometer opening produces Oden type curve. ( a  depletion ratker  
than an accumulative curve, however), tha t  necessi tates  a graphical 
interpretat ion.  

6. Two interconnected manometer openings near base of column produces data 
fo r  d i rec t  interpretet ion but th i s  decreases sensi t ivi ty.  

7. Lag i n  meniscus when rapid changes occur i n  density. 

1. Pract ical  d i f f i c u l t i e s  i n  securing weight measurements of the se t t l ed  
material during the analygis since volume measurements are not considered 
sat isfactory vi th f ine  part icles .  

2. Swirling currents i n  the sedimentation tube af ter  centrifuging has stopped. 
3. Requires special equipment. 

1. Light transmission and re f lec t ion  are functions of concentration a s  v e l l  
a s  par t i c le  s ize,  complicating the interpretat ion.  

2. Light transmission and re f lec t ion  are affected by the optical  propert ies  
of the suspendeC material - such a s  color, &aye, surface condition. 

3. Requires special equipment. 
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The conce!:.l;rat;oi-i of ?he suspension as well as the range of particle 

sizes present, w i l l  -;nfbuence t h e  selection of the type of sedimentation 

method that should be used. When a relatively unlimited supply of the 

material to be analyzed is available, the concentration may be adjusted 

at will so as to pe~mit the use cf a variety of methods. Much more 

difficult i-s the adaption of the present sedimentation methods to analysis 

of suspensions of low concentration that cannot be controlled as, for 

example, suspended sedimen.t samples. Based upon this study the individual 

existing methods m0s.t applicable to analysis of low and high concentra- 

tions, listed in the approximate order of their extensiveness of use, are 

as follows: 

Low concentrations (less than 0.5 per cent by weight) ..-- 

(1) Microscopic. 
(2) Decantation. 
(3) Pipette; has been used considerably but doubt is 

expressed as to reliability with very low con- 
centration sanples . 

(4) Hydrometer; if weight measurements rather than 
volume readings zre determined. 

(5) Plumrr~et; if weights are secured with the accuracy 
of the analytical balance. 

(6) Optical; reliability with sediment samples not 
determined. 

( 7 )  Fractional sedimentation; if a satisfactory intro- 
duction of fine material could be developed. 

b. High concentrations (greater than 0.5 per cent by weight) - 

Pipette. 
Hydrometer. 
Manometer. 
Plummet. 
Elutriation. 
Accumulative sedimentation. 
Decantation. 
Centrifugal. 

The general conclusion is that, a1thoughther.e are several satisfactory 
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methods available for high concentrations, there is no rapid, reliable 

method available for Itmass productiontt analysis of suspended sediment 

samples of low concentration. Microscopic methods may be reliable and 

accurate but are generally too laborious. The pipette method is rapid 

but becomes of doubtful reliability as the concentration becomes very low. 

Probably the most satisfactory method available, at present, for low 

concentrations is the decantation method, but it has the disadvantages of 

being laborious and requiring large quantities of native or distilled 

water. 

The present problem in sediment analysis is to refine existing 

methods and to develop technique and equipment especially suited to 

suspensions of low concentration. It appears that the most promising 

lines to pursue asec 

a. Development of equipment and technique for the hydrom- 
eter or plummet methods to permit weight measurements with the 
accuracy of the analytical balance. 

b. Development of the decantation technique and equipment 
to allow mass analysis. 

c. Development of equipment and technique allowing all 
the material to fall from the top of the sedimentation column. 
Not only would this eliminate the objectionable Oden type 
accumulative curve, but it would permit also the development of 
apparatus and technique for obtaining size groups by individual 
fractions. Such an apparatus has been described in Section 32. 

d. Determination of the range of variation in optical 
of sediment particles and a study of the possibil- 

ities for adapting optical methods to routine analysis. 
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PART THREE 

METHODS OF PARTICLE SIZE ANALYSIS FOR COARSE-GRAINED SEDIMENTS 

X . DI-RECT MEASUREMENT 

34. General--The division between fine and coarse-grained sediments 

comes at about 1/16 mm. size. Such a division has proved advantageous in 

a discussion of size determination methods because a different type is 

applicable to each. Whereas, for the fine-grained material, sedimentation 

methods are utilized practically entirely, the coarse material lends 

itself more readily to either direct physical measurement orto separation 

by sieves. Recently, however, attempts have been made to utilize 

sedimentation methods for the finer of the coarse-grained sediments. 

35. Direct methods--Krumbein (60) makes a division of coarse 

material at 16 mm.; the particles smaller being pebbles and sands that 

can be analyzed readily on standard sieves, the particles larger being of 

sufficient size to allow a direct measurement of diameter and volume. 

The direct measurement of the material coarser than 16 rnm., and 

often somewhat below that size, although sieving in that range is more 

common, consists of the determination of one or more of three diameters: 

a. Nominal diameter--The volume of each individual 
prticle is obtained by its displacement in water. The nominal 
diameter, then, is the diameter of a sphere of that volume. 

b. Mean diameter--The longest, intermediate, and shortest 
diameters are determined by means of some type of caliper. The 
mean diameter is the average of these three dimensions. 

c. Intermediate diameter--The mean of the longest and 
shortgst diameters is termed the intermediate diameter. 

For particles somewhat smaller than 16 mm., measurement of diameters 
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or projected area may be accomplished through magnification, either by 

direct readings through an eyepiece, or by measurement of projections on 

a screen or photomicrographs. When the quantity of material in a sample 

is not large enough to make advisable a sieve analysis and the particles 

too small to allow direct measurement, microscopic magnification and 

measurement is the most direct method available. 
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XI. SIEVE ANALYSIS 

36. Standard sieves--P.dvancernents in manufacturing methods, in 

conjunction with rigid American Society for Testing Materials (A.S.T.M.) 

specilications (l~), havs resulted in accurate, reliable sieves 6ovm to 

the 200-mesh size with openings of 0.074 mm. Some doubt has been 

expressed as to the accuracy and reliability of smaller openings, 

especially after considerable use. 

The advantages to the analysis and graphical presentation of data, 

of varying the sieve sizes in a geometric series has been recognized, and 

in the A .S .T .M. standard sieve series they are varied as . Table 5 

TABLE 5 

U. S. STANDARD SIEVE SERIES 

From A.S.T.M. Designation Ell-38T, Specifications for Sieves (13) 

Sieve 
nunber 
(mesh) 

3 1j2 5.66 0.223 
4 4.76 0 .I87 
5 4 .OO 0.157 
6 St36 0.152 
7 2.83 0 .I11 

Sieve 
number 
(mesh) 

Opening 

mm . 
Opening 

in. mm . in. 
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p r e s e n t s  t h e  s i z e  of openings i n  t h e  A.S.T.M. s tandard  s e r i e s .  Although 

t h e r e  i s  a t rend  toward t h e  use  of round a p e r t u r e s  i n  preference  t o  t h e  

square  openings formed by woven wire ,  t h e  l a t t e r  type of s i e v e  g e n e r a l l y  

i s  considered s tandard .  

37 .  Technique--In order t o i n s u r e  comparable d a t a  by s i eve  a n a l y s i s ,  

it is  necessary t h a t  c e r t a i n  cond i t i ons  o r  s tandards  be determined, such 

a s  t h e  following: 

a .  S i ze  of t e s t  sample. - 
b. Type of s iev ing ,  wet o r  dry.  - 
c. Order of s i eves .  - 
d .  Method of shaking. - 
e .  Duration of s i e v i n g  o r  end poin t .  - 

The s i z e  of sample, according t o  Weinig (134) ,  o f t e n  w i l l  depend 

upon t h e  diameter  of t he  c o a r s e s t  p a r t i c l e s ;  t he  l a r g e r  t h e  p a r t i c l e  t h e  

l a r g e r  t h e  sample must be.  On the  o t h e r  hand, i f  t h e  m a t e r i a l  i s  

r e l a t i v e l y  f i n e ,  smal le r  samples may be taken.  A g r e a t e r  depth  of sand 

n e c e s s a r i l y  r equ i r e s  a l onge r  s i ev ing  time bu t  it a l s o  inc reases  t h e  

e f f i c i e n c y  of s iev ing  because the  elongated g ra ins  have a b e t t e r  chance 

t o  become o r i en t ed  with the  a p e r t u r e  of t h e  s i eve .  Concerning t h e  t o t a l  

time of s i e v i n g ,  Weinig s t a t e s  t h a t  30 o r  40 min. gene ra l ly  is  r equ i r ed ,  

exc lus ive  of a d d i t i o n a l  time t o  check t h e  e f f i c i ency .  

Ma te r i a l  may be s ieved e i t h e r  wet o r  dry .  Wet s i ev ing  has t h e  

advantage of c leaning the  ma te r i a l  if i t  conta ins  s i l t  and c l a y  p a r t i c l e s .  

Often i t  e l imina te s  t h e  need f o r  a shaking device.  When used wi th  

t h e  f i n e r  sands,  however, any advantage secured through the  c l ean ing  

a c t i o n  i s  overbalanced by t h e  disadvantage t h a t  the water f i l m  on t h e  

screen and p a r t i c l e s  does no t  a l low a complete separa t ion .  The procedure 
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has  o f t en  been t o  wet s i e v e  f o r  c l ean ing  and then  r e s i e v e  a f t e r  drying.  

The procedure of d ry  s i e v i n g  a s  s e t  f o r t h  by A.S.T.M. (10) is:  

"The s i ev ing  ope ra t ion  s h a l l  be conducted by means of a l a t e r a l  
and v e r t i c a l  motion of t h e  s i e v e ,  accompanied by a j a r r i n g  
a c t i o n  so a s  t o  keep t h e  sample moving cont inuous ly  over t h e  
su r f ace  of t h e  s i eve .  I n  no case  s h a l l  f ragments  i n  t h e  sample 
be turned o r  manipulated through the  s i e v e  by hand. S i ev ing  
s h a l l  be continued u n t i l  n o t  more than 1 per  c e n t  by weight of 
t h e  res idue  passes  any s i e v e  d u r i n g  1 min. . . . . . . . . . . 
When s i e v i n g  machines a r e  used, t h e i r  thoroughness of s i e v i n g  
s h a l l  be t e s t e d  by us ing  t h e  hand me thodof s i ev ing  a s  desc r ibed  
above . " 

There a r e  t h ree  methods used t o  determine t h e  end p o i n t  i n  a s i ev ing  

process: 

a. By a s tandard s i e v i n g  t ime.  - 

b.  By spec i fy ing  t h a t  t h e  weight of ma te r i a l  pas s ing  i n  a - 
given t ime must be l e s s  than n c e r t a i n  per  cen t  of t h e  gross  
i n i t i a l  sample. 

c .  By spec i fy ing  t h a t  t he  weight of ma te r i a l  pas s ing  i n  a  - 
given time must be l e s s  than  a  c e r t a i n  per  cen t  of t h e  weight 
of t h e  r e s idue  on t h e  s i e v e  considered.  

The f i r s t  mentioned, which obviously i s  the  s imp les t ,  i s  usua l ly  

considered s a t i s f a c t o r y  i f  t h e  m a t e r i a l  does no t  vary  t o o  g r e a t l y  i n  

f ineness .  A s i ev ing  time of 1 5  min. has  been somewhat common. Methods 

b and c a r e  more d i f f i c u l t  t o  apply  i n  most rou t ine  work a s  t hey  tend t o  - 

make t h e  procedure l abo r ious .  Their  va lue  probably l i e s  i n  serv ing  as 

s tandards  i n  t h e  es tab l i shment  of a  s tandard  s i ev ing  time f o r  a  c e r t a i n  

range and type  of ma te r i a l  t h a t  i s  s u b j e c t  t o  rou t ine  t e s t s .  

38. Accuracy--As t h e  e l anga t ion  and a n g u l a r i t y  of t h e  p a r t i c l e s  

become g r e a t e r  t h e  diameters  s e c - x e d  from a s i e v e  a n a l y s i s  become more of 

a misconception. This  condi t ion  i s  a d e f i n i t e  cons ide ra t ion  i n  sedimen- 

t a t i o n  s t u d i e s  because a  sedimentat ion d iameter  i s  n e a r l y  always more 
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important than a physical measurement secured directly by calipers or 

indirectly by sieve apertures of known size. 

In addition to the shape of particle affecting the validity of sieve 

analyses, there are the following sources of error that may or may not be 

serious, depending upon the equipment available and the refinement of the 

technique: 

a. Incomplete sieving. - 
b. Faulty manipulation. - 
c. Worn or damaged screens. - 
d. Inherent errors in mesh. - 
e . Weighing. - 

The first is generally the most serious because it is not practical 

to sieve a sufficient length of time to accomplish a complete grade 

separation. With the numerous factors affecting the efficiency of siev- 

ing, such as size of particles, depth on sieve, and shape of particles, 

it becomes difficult to secure comparable data ofmore than fair accuracy. 

The errors entering a sieve analysis through faulty manipulation are 

introduced largely in the removal of the material from a sieve. Angular 

particles always have the tendency to become wedged in the mesh. A brush 

can be used advantageously to facilitate the removal of a large portion 

of this wedged material. Regardless of how the retained material is 

removed, extreme care should be exercised to avoid damage to the mesh. 

Screens should be checked occasionally agalnst new standard sieves 

to determine whether they have been worn or damaged to the extent that 

incomparable data are being secured. The necessity for checking undoubt- 

edly becomes more important with the finer mesh sieves. The finer meshes 

are often checked for wear or damage by microscopic examination. 

Rigid A ,S .T .M. specifications have resulted in excellent U . S . 



Section 38 
- - 

Standard sieves of 200 mesh and la rger  and inherent e r rors  i n  the mesh of 

these s izes  a re  seldom important enough t o  consider. 

Errors i n  weighing, other than accidental ,  can be controlled by 

using a balance of the desired sens i t iv i ty .  
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X I I .  METHODS BASED ON SETTLING RATES 

39. Adaptabil i ty t o  coarse material--Methods f o r  the  s i z e  determina- 

t i o n  of coarse granular material  based on s e t t l i n g  r a t e s  a r e  not  common. 

The s ieve analysis  method, being e f fec t ive ,  convenient, and general ly  

r e l i ab l e ,  has dominated t h i s  f i e l d  t o  such an extent  t h a t  there  has been 

no r e a l  incentive f o r  development of new methods. I n  addi t ion,  the  

dsvelopment of s e t t l i n g  r a t e  methods has been discouraged because the  

f a l l  ve loc i t i e s  of the  l a rge  p a r t i c l e s  a r e  high and necess i ta te  r a t h e r  

t a l l  columns, if water i s  used a s  the  s e t t l i n g  medium. Also, the  separa- 

t i o n  occurs i n  a very shor t  time period, which r e s t r i c t s  very g r e a t l y  the  

number of s e t t l i q  r a t e  methods thcrt can be used because of the r a p i d i t y  

necessary i n  making observations. 

The r e l a t i o n  between the f l u i d  proper t ies ,  the  p a r t i c l e  dimensions, 

and the  f a l l  veloci ty  under g r av i t y  have been presented i n  Pa r t  One of 

t h i s  repor t .  Graphical solut ions  expressing the  f a l l  ve loc i t i e s  f o r  

corresponding diameters of coarse pa r t i c l e s  a r e  given i n  Fig.  5. A 

so lu t ion  taking i n t o  account p a r t i c l e  shape i s  presented i n  Fig.  6.  

40. Optical l ever  siltometer--Probably the f i r s t  device employing 

the  s e t t l i n g  r a t e  pr inciple  f o r  separation of coarse material  i n t o  s i z e  

grades was t ha t  developed i n  India,  i n  1933, by Vaidhianzthan (124). The 

apparatus, shown i n  Fig. 76, embodies the  pr inciple  of the manometer and 

includes an automatic recording device. Veidhianathan termed i t  an 

"op t ica l  l ever  s i l tometer ."  Mercury was used a s  the manometer fluid., 

probably because it has the property of not wetting g lass  and thus 

provides a convex meniscus with a de f in i t e ,  measurable height. A small 
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F ig .  76 --Vaidhianathant s ' loptical lever  si l tometer" 
f o r  coarse sediments (1933) . 

Fig .  76a--Details of sediment 
dropping mechanism. 

F ig .  76b--Details of float-mirror 
device actuated with change i n  

manometer column height. 

FIGS 76, 76a & 76b 
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mirror m , shown in Fig. 76b, was attached to a small frame , one 

leg of which would follov! the movement of the manometer column. A beam 

from a constant source of light was reflected by the mirror through a lens 

and upon photographic paper on a revolving drum c , shown in Fig. 76. 

Movement of the mirror, caused by a decrease in 1e3sitj- of the settling 

medium and, consequently, a fall of the mercury column, would be recorded 

on the sensitized paper on a greatly enlarged scale. T:io sediment was 

introduced as a unit by the door-like device s!iocn in Fig. 76a. The 

apparatus was designed for a size range from about 0.07 to 0.30 mm. Al- 

though the device appeared reasonably satisfactory it has objectionable 

features relative to its use in routine sediment analysis. The use of 

mercury in the manometer instead of vcter decreases the relative change 

in density over thirteen times; a seemingly unnecessary decrease in 

sensitivity that must be regained through the delicate mirror-float 

arrangement. This necessitates a mechanism so delicate that special 

mountings for the apparatus are necessary to eliminate effects of vibra- 

tions produced in the ordinary laboratory. 

41. Siltomet~r--A year later Turi (73) developed a more rugged, but 

less delicate apparatus, termed a 'lsilt~meter.~~ Fig. 77 shows the 

essential features which consist of four main parts: 

a. A sedimentation tube made of brass tubing, about 6 cm. - 
inside diameter, 200 cm. long, is attached to lever B so that 
by actuating this lever the entire tube can be raised a distance 
of about 1 cm. 

b. The sediment dropping device A, made of two funnels, - 
is used to introduce the sediment under water. The funnels fit 
tightly together allowing the water-sediment to be introduced 
without entering the sedimentation tube. At the desired time the 
inside funnel is lifted and the sediment enters the main tube. 
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Fig. 77--Puri' s "siltontetertt  f o r  coarse sediments (1934) . 

FIG. 77 
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c .  The sediment c o l l e c t i n g  dev ice  c o n s i s t s  of a c i r c u l a r  
aluminum trough C , div ided  a t  t h e  circumference i n t o  twenty 
i n d i v i d u a l  pockets.  The appa ra tus  i s  so  cons t ruc ted  t h a t  t h i s  
c o l l e c t i o n  t rough can be moved 1/20th of i t s  circumference by 
o p e r a t i n g  a l e v e r  manually a t  any d e s i r e d  time. 

d .  The con ta ine r  D , with  a s l ende r ,  graduated stem, i s  
used when a volumetr ic  measurement of t h e  sediment c o l l e c t e d  i n  
each pocket i s  des i r ed .  

The procedure i n  conduct ing an a n a l y s i s  i s  a s  fol lows:  The c i r c u l a r  

t rough i s  f i l l e d  wi th  water t o  a depth  of 3 t o  4 i n .  A rubber  s toppe r  i s  

placed i n  t h e  pocket immediately below t h e  sedimentat ion tube  and t h e  

tube i s  lowered by l e v e r  B , so  t h a t  t h e  s toppe r  f i t s  t i g h t l y i n t h e  end 

of t h e  tube.  The sedimentat ion tube  i s  then f i l l e d  with water and t h e  

i n n e r  funne l  i s  i n s e r t e d  snugly. A sample of about  10  gm. of sediment  

i s  placed i n  t h e  dropping device  and covered wi th  water .  The a c t u a l  

s e p a r a t i o n  i n t o  f r a c t i o n s  by s i z e  i s  ready t o  proceed. The i n v e r t e d  

funnel  i s  removed quicl t ly  and a s t o p  watch i s  s t a r t e d  a t t h e  sane i n s t a n t .  

The remaining funnel  s e c t i o n  i s  removed a s  r a p i d l y  as p o s s i b l e  and a 

rubber s toppe r  i n s e r t e d  t i g h t l y  i n t o  t h e  t o p  of t he  sedimentat ion tube .  

By a c t u a t i n g  l e v e r  B , t h e  tube  i s  r a i s e d  s u f f i c i e n t l y  t o  remove the  

lower s toppe r .  The s e d i m e ~ t a t i o n  i n t o  t h i s  f i r s t  cup i s  allowed t o  con t inue  

u n t i l  a per iod  of 26 sec .  has  e lapsed;  a t  t h i s  t ime t h e  t rough i s  r o t a t e d  

one d i v i s i o n ,  p l ac ing  t i e  second cup i n  p o s i t i o n .  Rotat ion of  t h e  t rough 

cont inues  a t  4-sec. i n t e r v a l s  up t o  66 sec . ,  then  a t  10-sec. i n t e r v a l s  

up t o  106 sec . ,  and then a f t e r  136, 166, 196, 376, and 556 s e c .  A t  t h e  

completion of t h e  sepa ra t ion ,  which consumes l e s s  than 10  min., t h e  

m a t e r i a l  i n  each compartment i s  e i t h e r  f i l t e r e d ,  d r i e d ,  and weighed, o r  

washed i n t o  themeasurement c o n t a i n e r  2 , f o r a  volumetr ic  de t e rmina t ion .  
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When operated a s  descr ibed  above t h i s  apparatus producesan extremely 

l a r g e  number of f r a c t i o n s  which would have the fol lowing l i m i t s  a t  20° C . : 

The standard technique i s  adaptable only t o  sediments wi th  p a r t i c l e  

s i z e s  between about 0.6 and 0.06 mm. I t  has been used p r i n c i p a l l y  i n  

analyzing bed sediments. No adapta t ion  t o  f i n e r  ma te r i a l  has been 

mentioned although an app l i ca t ion  appears  p r a c t i c a l l y  poss ib le  down t o  a t  

l e a s t  20 microns, with a s e t t l i n g  time of 1.5 hr .  f o r  a fs l l  of 200 cm. 

a t  20° C.,  and probably even t o  10 microns, with a s e t t l i n g  time of 6 hrs .  

Zowever, the  p r a c t i c a l  d i f f i c u l t y  of introducing the  sample i n  such a 

manner t h a t  it does no t  f a l l  a s  a mass, a tendency t h a t  inc reases  with 

decreased p a r t i c l e  s i z e ,  and t h e  l imi t ed  number of samples t h a t  could be 

analyzed per  day, place c e r t a i n  r e s t r i c t i o n s  upon t h e  adaptat ion of the  

"s i l tometer"  t o  the  smaller  s i z e s  of sediment. I t  i s  poss ib le  t o  use it 

with somewhat l a r g e r  mater ia l ,  bu t  e r r o r s  w i l l  i nc rease  because i n i t i a l  

d is turbances  become of r e l a t i v e l y  g r e a t e r  importance. It  probably could 

be used with p a r t i c l e s  up t o  1.0 mm. diameter,  with a s e t t l i n g  time of 

about 12 sec.,  and even up t o  2.0 mm.,  s e t t l i n g  time of 7 sec. ,  with some 

degree of separa t ion  r e su l t ing .  

42. Accumulative sedimentation tubes--Similar  apparatus allowing 
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r ap id  s i z e  a n a l y s i s  of  sands were devised  independent ly by Vah Veen (127) 

and Emery (35) d u r i n g  t h e  period 1936 t o  1938. Emery's appara tus  i s  

i l l u s t r a t e d  i n  F ig .  78. The o b j e c t i v e  of both i n v e s t i g a t o r s  was t o  

secure  a method which would be more r ap id  than s i e v i n g ,  and one t h a t  

could be used on board s h i p  where ba lances  can n o t  be used.  The s imple 

appa ra tus  devised by Emery cons is ted  of a long s e t t l i n g  tube ,  tapered  a t  

one end and connected t o  a tube of small d iameter  which was e i t h e r  

graduated o r  had a s c a l e  behind it. D i s t i l l e d  water  was t h e  s e t t l i n g  

medium. The technique and opera t ion  of t he  appa ra tus  as used by Emery 

w i l l  be developed f u r t h e r .  

An i n i t i a l  c a l i b r a t i o n  f o r  t h e  development of t r u e  f a l l  v e l o c i t y -  

d iameter  curves was accomplished a s  fo l lows:  

"Numerous samples of qua r t z  sand were analyzed by s i e v i n g  
t o  f i n d  the  s i z e  d i s t r i b u t i o n  ( ~ e n t w o r t h  system) i n  pe r  cent  of 
t o t a l  weight. The va r ious  s i z e  f r a c t i o n s  were then  recombined 
and t h e  t o t a l  sample allowed t o  s e t t l e  through d i s t i l l e d  water  
in the  tube desc r ibed  above. A l l  g r a i n s  were s t a r t e d  e s s e n t i a l l y  
t oge the r .  . . . . The sample was allowed t o  s e t t l e  twice.  
The f i r s t  t ime, n o t a t i o n  was made only of t h e  t o t a l  he igh t  i n  
mi l l ime te r s  reached by t h e  sample a f t e r  a l l  t h e  sand has  
accumulated a t  t h e  bottom. Knowing t h i s  h e i g h t ,  it was poss ib l e  
t o  c a l c u l a t e  t h e  cumulative he igh t  of each s i z e  f r a c t i o n ,  
because f o r  any s i z e  f r a c t i o n  t h e  per cen t  of t o t a l  volume 
(expressed he re  a s  per  cent  of t o t a l  he igh t )  i s  p r a c t i c a l l y  t h e  
same a s  per  c e n t  of t o t a l  weight.  The t ime requi red  f o r  each 
s i z e  f r a c t i o n  t o  f a l l  was found by al lowing the sample t o  s e t t l e  
i n  t he  tube  a second time. I n  t h i s  case  n o t a t i o n  i s  made of 
t h e  time s i n c e  i n t r o d u c t i o n  of sample r equ i r ed  f o r  t h e  sand 
column t o  reach  t h e  cumulative he ight  of each s i z e  f r a c t i o n .  
From t imings obta ined  i n  t h i s  way the  v e l o c i t i e s  of a l l  t h e  
s i z e  f r a c t i o n s  may be ca l cu la t ed . "  

The f a l l  v e l o c i t i e s  secured i n  t h a t  manner were r e l a t e d  t o  s i e v e  d iameters  

and were inf luenced  by p a r t i c l e  shape. This  method of c a l i b r a t i o n  and 

express ion  of p a r t i c l e  s i z e  i n  terms of f a l l  v e l o c i t y ,  a l though probably 

advantageous when comparisons a r e  t o  be made wi th  s i eve  a n a l y s i s  da t a ,  
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i s  n o t  used a s  commonly a s  t h e  conversion of f a l l  v e l o c i t i e s  t o  sedimen- 

t a t i o n  diameters  o f  qua r t z  spheres .  

The s tandard  procedure wi th  t h e  Emery appa ra tus  i s  as fo l lows:  A 

sample of sand weighing about 3 gm. was placed f i r s t  i n  a 10-cm. l e n g t h  

of g l a s s  tubing,  keeping t h e  lower end c losed  wi th  a f i n g e r  t i p .  Water 

was added and then t h e  tube was c losed  a t  b o t h  ends and shaken thoroughly 

t o  d i s p e l  a i r  bubbles.  The mixture was allowed t o  f low r a p i d l y  i n t o  t h e  

water a t  t h e  t op  of t h e  sedimentat ion tube  and a s t o p  watch was s t a r t e d  

a t  t h e  moment t he  pouring began. The h e i g h t  of sand accumulated was read  

from t h e  s t a r t  of f a l l  a t  t imes corresponding t o  t h e  grades  ofWentworthls  

s c a l e .  During t h e  s e t t l i n g  period t h e  graduated tube  was tapped l i g h t l y  

t o  i n s u r e  even and gradual  compaction, and t o  l e v e l  of f  t h e  t o p  of t h e  

sand column so  t h a t  more accu ra t e  readings  could be made. 

The coa r se s t  and f i n e s t  grades obta ined  by t h i s  technique were 

g r e a t e r  than 1 mm. and 0.12 t o  0.06 mm., r e s p e c t i v e l y .  I n  a l l ,  f i v e  

grades were obtained.  To de f ine  t h e  1 mm. l i m i t ,  a r ead ing  a t  about  1 3  

sec .  from t h e  s tar t  was necessary,  which i s  probably t h e  s h o r t e s t  t ime 

period t h a t  can be used because of t h e  i n c r e a s i n g  e f f e c t  of i n i t i a l  

d i s tu rbance  caused by l a r g e r  p a r t i c l e s .  The l i m i t a t i o n s  o f t h i s  appara tus  

f o r  s epa ra t ion  i n t o  s i z e s  l e s s  than  0.06 mm., due t o  t h e  decided 

tendencies  f o r  t h e  m a t e r i a l  t o  s e t t l e  as a mass, was recognized. 

When a measurable amount of s i l t  and c l a y  was p resen t  i n  a sample 

which was predominately composed of sand, Emery used a decan ta t ion  

appara tus ,  shown i n  F ig .  79, t o  accomplish a s i n g l e  s epa ra t ion .  Af te r  

t h e  sample was poured i n t o  t h e  decanta t ion  c y l i n d e r ,  water  was added t o  a 

dep th  of 11 cm. A i r  w a s  then  blown i n  f o r  5 t o  20 min. t o  d i s p e r s e  t h e  
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sediment. After allowing the particles to settle for 2 min., the upper 

10 cm. of the column was decanted. This process was repeated four or 

five times until a clean residue of particles greater than about 0.03 mm. 

diameter remained in the decantation cylinder. This residue was 

introduced into the tall sedimentation tube described previously, and the 

weight of the particles in the range 0.03 to 0.06 mm. was determined 

separately after separation of the coarser grades had been made. 

43. Fractional sedimentation tube--A somewhat unique settling method 

was developed in Eussia by Apollov (6). The apparatus is illustrated 

in Fig. 80. The size separation would proceed as follows: Pipe 4 was 

disconnected at C so that the lower portion of the sedimentation tube 

could be filled with water. All the clamps 2 , except the lower one, 
were open. The suspension or sample was poured into A and theremainder 

of the pipe was filled with water to within about 1 cm. of the top. 

After a sufficient time had been allowed for all the particles to settle 

in the bulb, tube A , still held upright, was connected to the flexiible 
tube C . Then A was inverted quickly. The small volume of air left 

purposely in A would rise immediately into the bulb disuniting the 

material that otherwise might tend to fall as a unit. At desired times 

the clamps P were closed, enclosing a fraction between them. When the 

last or upper clamp was closed, the four fractions obtained could be 

drained out separately from the bottom. 

The range of sizes to which Apollovts apparatus has been used is 

not given in the reference reviewed. Its limitations are readily 

perceived, however, from an inspection of the apparatus. The exceedingly 
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Fig. 78--Emery's accumulative Fig. 79--Emery's decanta t ion  apparatus 
sedimentation apparatus f o r  f o r  e f f ec t ing  i n i t i a l  separa t ion  

coarse sediments (1938). between f i n e  and coarse 
p a r t i c l e s  (1938). 

F ig .  

& 80 

A Removable pipe with 
am11 bulb a t  upper 
end. Inside diamster 

tube. 

C Flexibla rubber - oonnboting tub;. 

P Clamps t o  c lose  tube 
a t  desired times. 

S Clamp t o  hold p i r e  A 

a f t e r  invarsion. 

t m d  tl h r k s  exactly 
one meter apart t o  
a l l o r  tindug of f a l l  
of large part ic les .  

80--Apollovts f r a c t i o n a l  sedimenta 
f o r  coarse sediments (1934). 

. t i o n  tube 
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small diameter ofthe sedimentation tube, only 1.1 cm., has an appreciable 

effect on the fall velocities of all sand particles. Apparently this has 

been recognized, for the marks tl and L2 were used to time the actual 

fall velocity of the larger particles. With graded material the 

reliability and accuracy of such measurements are open to question. The 

maximum size of particle was probably about 1 nn. The minimum size of 

particle would depend more upon the completeness of dispersion in the 

bulb of tube A , than on the time for an analysis, as separations down 

to 0.010 mrn. could be obtained in somewhat over 6 hr, The efficiency of 

this unique method of dispersing or introducing the sample to the main 

sedimentation tube merits further investigation. 
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XIII. SUMMARY OF PART THREE 

44. Summary--A review of s i z e  a n a l y s i s  methods a p p l i c a b l e t o  coarse- 

grained sediments, p a r t i c l e s  l a r g e r  than about 1/16 rnm. diameter,  has 

been presented.  There a r e  th ree  d i s t i n c t  types of methods: 

a .  Measurement of t h e  volume of the  p a r t i c l e s  and conver- 
s ion  t o  a  hypo the t i ca l  sphere of equivalent  diameter  o r  d i r e c t  
measurement by c a l i p e r s  of one o r  more diameters .  

b.  S ieving  wi th  screens of s tandard a p e r t u r e s .  - 

c.  Corre la t ion  of observed s e t t l i n g  r a t e s  o f t h e  p a r t i c l e s  
i n  water t o  diameters  of spheres f a l l i n g  a t  those  r a t e s .  

The study revea l s  t h a t  s i ev ing  i s  used more than o the r  methods and 

has reached a higher  degree of development i n  t h i s  country. This no 

doubt i s  due t o  t h e  ease ,  r e l i a b i l i t y ,  and genera l  success of s i ev ing  

methods a s  well  a s  t o  t h e  f a c t  t h a t  e x c e l l e n t  s i e v e s  a r e  ava i l ab le .  

D i rec t  measurement of the volume o r  the  d iameters  of the  coa r se r  

m a t e r i a l  has been used. Rnunbein has made a d i v i s i o n  between coarse and 

f i n e  p a r t i c l e s  a t  16  mm. Di rec t  measurement can be made r e a d i l y  of 

p a r t i c l e s  which a r e  l a r g e r ,  and s i ev ing  i s  a genera l ly  s u i t a b l e  method of 

sepa ra t ing  the  smal ler  s i z e s .  

However, i n  sediment s tud ies ,  a value of p a r t i c l e  s i z e  determined by 

methods which al low a d i r e c t  c o r r e l a t i o n  with s e t t l i n g  v e l o c i t i e s  i s  more 

s a t i s f a c t o r y  than a va lue  determined by a s i eve .  I n  a  s i z e  a n a l y s i s  

method based on f a l l  v e l o c i t i e s ,  t h e  important p rope r t i e s  of t h e  

p a r t i c l e s ,  such a s ,  volume, shape, and s p e c i f i c  g r a v i t y ,  a r e  taken i n t o  

account.  I n  s i z e  d a t a  secured from a s i eve  a n a l y s i s  t h e  s p e c i f i c  g r a v i t y  

i s  e n t i r e l y  neglected and the  d a t a  a r e  a f f e c t e d  appreciably by t h e  

p a r t i c l e  shape, wi th  an inc reas ing  misconception of p a r t i c l e  s i z e  a s  the  
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particle departs more and more from a spherical shape. 

Since 1930, a number of settling rate methods for separating coarse 

material have been developed. India has led in this field with the 

development of a manometric, automatic recording device, and a sedimenta- 

tion apparatus allowing Zirect weight measurements of individual size 

fractions. A number of settling tubes employing volumetric accumulation 

and measurement have been used principally on board ship where balances 

cannot be used for weight measurements. 

The most promising avenue for future development, in this country, 

of size analysis equipment for coarse sediments, appears to be along the 

lines of a fractional sedimentation apparatus patterned after Puri's 

siltometer, shovm in 'ig. 77. Volumetric measurements have always been 

open to criticism and, if possible, methods utilizing weight measurements 

should be used. 
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PART FOUR 

METHODS OF DETERMINING TOTAL CONCENTFATION 

X I V .  GENEML 

45. Inf luence  of type of sample--Three genera l  types  of sediment 

samples; namely, suspended load ,  bed-load, and depos i ted  mat,erial ,  have 

been considered i n  t h e  d i scuss ion  of methods of p a r t i c l e  s i z e  determina- 

t i on .  S i m i l a r  cons idera t ion  must be given t o  the  e f f e c t  of t he  c h a r a c t e r  

of t h e s e  types  of samples i n  the  choice  of methods f o r  determining t o t a l  

s o l i d s  concent ra t ion .  The i n f l u e n t i a l  f a c t o r s ,  which a r e  l a r g e l y  

dependent upon the  type of sample, a r e  p a r t i c l e  s i z e ,  concent ra t ion ,  and 

whether t h e  sample c o n s i s t s ,  a s  does a suspended sediment sample, of a 

given volume of water and sediment, o r  of a  volume o r  weight of s o l i d s ,  

secured over  a given period of t ime.  

A bed-load sample, genera l ly ,  c o n s i s t s  of r e l a t i v e l y  coarse  m a t e r i a l  

t h a t  a r r i v e s  i n  t h e  l abo ra to ry  i n  a  moist  o r  d ry  cond i t i on .  I ts  t o t a l  

oven d r y  weight may be secured immediately o r  a  s i z e  a n a l y s i s  by s i e v e s  

o r  by some hydraul ic  s e t t l i n g  r a t e  method may be made f i r s t .  No 

p a r t i c u l a r  d i f f i c u l t i e s  i n  technique a r e  involved. 

Deposited ma te r i a l  samples may inc lude  ma te r i a l  rangiiig ic  s i z e  from 

f i n e  t o  coarse .  They may be moist o r  r e l a t i v e l y  d r y .  The l a b o r a t o r y  

a n a l y s i s  may c o n s i s t  of secur ing  a  volume-weight r e l a t i o n s h i p  and a  

p a r t i c l e  s i z e  de te rmina t ion .  I f  t h e  l a t t e r  i s  r equ i r ed ,  t h e  ques t ion  

a r i s e s  i n  t h e  a n a l y s i s  of f ine-gra ined  sediment a s  t o  whether the m a t e r i a l  

should be d ispersed  and t h e  s i z e  a n a l y s i s  made be fo re  oven dry ing ,  o r  

whether i t  should be d r i e d  f i r s t  t o  secure t o t a l  weight, and then 
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redispersed. If the size and initial nature of the sample, the particle 

sizes present, and the laboratory facilities permit, the sample should be 

divided and a portion used for each analysis. 

Suspended load samples offer the greatest problem in the laboratory 

because the sediment generally present is in only minute quantities and 

of small size particles, necessitating extremely careful technique to 

obtain accurate results. The problem is particularly difficult if a size 

analysis is desired, since a predrying for determination of total solids 

favors the formation of aggregates that resist redispersion and a return 

of the particles to their original state. Division of the sample into 

two portions, one to be used for each analysis, 1s not advisable because 

of the very small amount of solids generally present. Furthermore, it is 

very difficult to divide a sample into two portions of identical size 

particles. 

46. Units of measurement and methods of calculation--Volume rather 

than weight measurements have sometimes been used in the determination of 

total sediment concentration, especially for sands and coarse material. 

Although apparently satisfactory in certain types of investigations, the 

general unreliability of volume measurements, due to variables of 

particle shape, size, and compaction, and the necessity of assuming a 

density for conversion into weights, should discourage such technique. 

The common units for expressing total sediment concentration.in this 

country are percentage dry material by weight for high concentrations and 

parts per million (p.p.m.) for low concentrations. Such practice is advan- 

tageous for it eliminates large, awkward figures for high concentration, 
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and decimals for low concentrations. In addition, it is in accord with 

common usage in sanitary and waterworks engineering. 

Three different methods have been used for calculating sediment, 

concentration by weight: 

a. Dividing the weight of dry solids by the weight of the 
entire water-sediment sample. 

b. Dividing the weight of dry solids by the weight of the 
water-in the water-sediment sample. 

c. Dividing the weight of dry solids by a weight figure 
for the entire sample calculated from its initial volume by 
considering the specific gravity of the entire volume equal to 
that for water. 

Although the first is the method or basis generally used and 

recommended, there are sometimes situations where the calculations are 

expedited by using one of the other two methods; particularly the third 

for a volume measurement in the field. Sometimes a partial decantation 

is advantageous. If either of the latter two methods are used, a 

conversion to the basis of total sample weight is recommended where the 

differences between the two results is significant. Fig. 81 shows the 

percentage difference if the total concentration values have not been 

based on the total weight of the sample. The difference is definitely 

negligible below 1000 p.p.m. and even at 10 000 p.p.m. it is only 1 per 

cent. Fig. 81 also presents a graphical determination of the correction 

to be subtracted when either method b or 2 is used. 

47. Dissolved material--In certain types of water investigations 

dissolved solids may be equally as important as the suspended material. 

Generally, however, in routine sediment studies it is a secondary item 

and its determination is made only if the procedure necessitates. It is 
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P e r c e n t a g e  sediment  a s  oomputed (Eased on ap. gr. 2.651 

1000 10,000 100.000 1,000,000 
p.r.m. sediment  8.8 oomputed 

FIG. 81 
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important in the evaporation method when a rather large volume of water 

needs to be evaporated and the dissolved solids are left as a residue. 

Whether or not a dissolved solids determination, for correcti.on purposes, 

is incorporated into a standard procedure, is dependent upon the method 

being used, the character of the study, and the ratio of suspended to 

dissolved matter. The common procedure is to evaporate a measured volume 

of clear, supernatant liquid and obtain a value of dissolved material 

that can be applied to the volume of water inthe sample being evaporated. 

48. Manner of presentation--The methods of determining total con- 

centration to be presented will apply directly to suspended sediment 

samples and more or less indirectly to bed-load and deposited material 

samples because of the far greater difficulties and problems involved 

with the former. 

A presentation of the material is advantageously divided into a 

discussion of so-called "basic metnodst' and the application of these 

methods to the methods of size analysis presented in Chapter VIII. The 

basic methods, each more or less applicable to the solids determination 

of any type of water-sediment sample, whether it be the total sample or a 

portion resulting from a size analysis method, are: 

a. Sedimentation, decantation, and evaporation. - 

b. Filter paper. - 

c. Gooch crucible filter. - 

d. Alundum crucible filter. - 

e. Filter candles. - 

f . Centrifuge. - 
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g. Opt ica l .  

h. Displacement. - 

Detai led desc r ip t ions  of procedures used by various Government 

agencies a r e  presented i n  the  appendix. 



157 Sec t ion  49 

X V .  BASIC METHODS OF DETEWTINING TOTAL CONCENTRATION 

49. Sedimentat ion,  decan ta t ion ,  and evaporation--Among the  s imp les t  

methods used i n  de te rmining  t h e  t o t a l  concen t r a t ion  of  suspended sediment 

samples i s  t h a t  of a l lowing  the  sediment t o  s e t t l e  t o  t h e  bottom of a  

con ta ine r ,  decant ing  t h e  superna tan t  l i q u i d ,  washing t h e  sediment i n t o  an 

evapora t ing  d i s h ,  and d r y i n g  it i n  an oven. Its advantages a r e  s i m p l i c i t y  

of equipment and technique .  I n  d e a l i n g  wi th  l a r g e r  s i z e  sediment 

p a r t i c l e s  t h e  method becomes more s a t i s f a c t o r y .  Conversely, a s  t h e  

sediment becomes f i n e r  gra ined  the  s e t t l i n g  t ime r equ i r ed  inc reases  u n t i l  

a  po in t  i s  reached a t  which it becomes i m p r a c t i c a l  t o  i nco rpora t e  it i n t o  

an e f f i c i e n t  l a b o r a t o r y  procedure. Aiso i t  becomes undes i r ab le  t o  decant  

l i q u i d  from a  po in t  c l o s e  t o  t h e  t o p  of t h e  depos i ted  m a t e r i a l  because of 

t h e  danger of withdrawing some of t h e  entremely f i n e  p a r t i c l e s .  The 

t r a n s f e r  of sedimenting t o  an evapora t ing  d i s h  becomes more awkward 

because of t h e  r e l a t i v e l y  l a r g e  volume of wash wa-cer which may n e c e s s i t a t e  

another  s e t t l i n g  per iod .  The use of f l o c c u l a t i n g  agen t s  w i l l  reduce 

markedly t h e  s e t t l i n g  t ime b u t  t h i s  i n t roduces  a d d i t i o n a l  ma te r i a l  so  

t h a t  a  c o r r e c t i o n  f a c t o r  must be in t roduced .  This  c o r r e c t i o n  f a c t o r  is  

n e c e s s a r i l y ,  i n  r o u t i n e  i n v e s t i g a t i o n s ,  more of an e s t ima te  than  an exac t  

va lue  because of t h e  d . i f f i c u l t y  i n  de te rmining  t h e  e x a c t  po r t ion  of t h e  

f l o c c u l e n t  t h a t  i s  inco rpora t ed  i n t o  t h e  f i n a l  weight and a l s o  t h e  amount 

of d i s so lved  m a t e r i a l  which i s  p r e c i p i t a t e d  by t h e  a c t i o n  of t h e  

f l o c c u l e n t .  As t h e  samples decrease  i n  concen t r a t ion  t h e  oppor tun i t i e s  

f o r  making s e r i o u s  e r r o r s  may inc rease  due t o  t h i s  es t imated  c o r r e c t i o n .  

E r r o r s  a l s o  occur i n  t h i s  method s i n c e  any d i s so lved  s o l i d s  i n  t h e  water  

evaporated i s  inc luded  i n  t h e  weight of t h e  sediment obtained.  
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Because of t h e  above ob jec t ions  t o  t h e  sedimentat ion and decan ta t ion  

method when used with f i n e r  gra ined  sediment, vacuum f i l t e r  methods which 

make f o r  b e t t e r  labora tory  procedure have come i n t o  prominence. 

50. F i l t e r  paper--The common p r a c t i c e  when us ing  f i l t e r  paper i s  t o  

f i t  t h e  f i l t e r  paper i n t o  a funne l ,  a s  i s  done i n  ord inary  chemistry 

l abo ra to ry  p r a c t i c e ,  then t o  pour t h e  water-sediment mixture i n t o  t h e  

funnel  a l lowing  t h e  water t o  pe rco la t e  through under t h e  in f luence  of 

g rav i ty .  The oven d ry  weight, a t  temperatures  between 100O and 1 1 0 O  C.,  

of t h e  r e s i d u e  obtained on the  f i l t e r  i s  used d i r e c t l y  i n  determining t h e  

t o t a l  s o l i d s  by weight of t he  o r i g i n a l  sample. When t h e  water-sediment 

mixture i s  of such a l a r g e  volume t h a t  a l l  of it cannot be added a t  t h e  

s tar t  of t h e  f i l t r a t i o n ,  i t  i s  necessary  e i t h e r  t o  add it i n t e r m i t t e n t l y  

o r  t o  a r range  t h e  apparatus  so  t h a t  i t  f i l t e r s  au tomat ica l ly .  This  may 

be accomplished by having t h e  b o t t l e  which conta ins  t h e  sample i n v e r t e d  

with i t s  opening a t  the  d e s i r e d  water e l e v a t i o n  i n  t he  f i l t e r .  

The f i l t e r  paper method of s epa ra t ing  sediment p a r t i c l e s  from water 

has been and s t i l l  i s  used ex tens ive ly .  Like a l l  o the r  methods it has  

c e r t a i n  advantages and disadvantages.  One ob jec t ion  i s  t h e  p o s s i b i l i t y  

of l o s i n g  m a t e r i a l  through t h e  f i l t e r .  Pore diameters  of hardened f i l t e r  

paper vary  between 0.0015 and 0.0022 mm. which a r e  not  unusual ly  small  i n  

terms of suspended sediment samples. However, t h i s  l o s s  of sediment has  

been prevented i n  some cases  by t h e  a d d i t i o n  of predetermined weights 

of Kaolin o r  F u l l e r s  Earth.  Coagulants may be added t o  i nco rpora t e  t h e  

minute p a r t i c l e s  i n t o  f l o c s  bu t  a s  was t h e  case  f o r  t he  sedimentat ion and 

decanta t ion  procedure a c o r r e c t i o n  f a c t o r  must be app l i ed  f o r  t h e  

f l o c u l e n t  r e t a i n e d  on the  f i l t e r .  
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Some l a b o r a t o r y  t echn ic i ans  have experienced d i f f i c u l t y  i n  keeping 

t h e  f i l t e r  paper a t  t he  same t a r e  weight before  and a f t e r  a f i l t r a t i o n .  

Such a v a r i a t i o n  i n  weight i s  l a r g e l y  a ma t t e r  of moisture r e t e n t i o n .  

Experiments by Archangelsky and Mortinov (6 )  with a i r  d r y  f i l t e r  paper 

under f avo rab le  condi t ions  showed a moisture content  of 3 .5 per  cent .  

However, a method f o r  handl ing t h e  f i l t e r  paper which prevents  any 

apprec iab le  change i n  moisture content  has been developed by the Tennessee 

Valley Author i ty .  Detai led i n s t r u c t i o n s  f o r  making a t o t a l  s o l i d s  

concent ra t ion  a n a l y s i s  by t h i s  method a r e  given i n  Appendix B of t h i s  

r e p o r t .  

For ana lyz ing  only a few samples t he  f i l t e r  paper nethod might 

r e q u i r e  a longer  time than some o the r  methods s ince  t h e  com.non f i l t e r  

paper i s  n o t  adapted t o  a vacuum system of f i l t r a t i o n .  However, by the  

TVA system of handl ing suspended sediment samples i n  groups, one man can 

analyze 500 samples i n  a 5-day week o r  100 samples per 8-hour day. 

When us ing  f i l t e r  paper, o r d i n a r i l y ,  i t  i s  no t  poss ib l e  t o  reclaim 

t h e  r e s idue  s u f f i c i e n t l y  f o r  a g r a i n  s i z e  a n a l y s i s  un less  it i s  r e l a t i v e l y  

coarse and i n  considerable  volume. Experiments by Archangelsky and 

Mortinov with f ine-grained m a t e r i a l  i nd ica t ed  a l o s s  i n  sample of from 9 

t o  25 per  cen t  f o r  samples of 1 and 0.25 gm., r e spec t ive ly .  To overcome 

t h i s  d i f f i c u l t y  t he  gra in  s i z e  a n a l y s i s  could be made p r i o r  t o  u s ing  the  

o r  i f  t he  sample were l a r g e  enough, it  could be s p l i t  

51. Gooch and alundwn crucibles--The Gooch c r u c i b l e  gene ra l ly  used 

i n  sedimentat ion s t u d i e s  c o n s i s t s  o f a  small  porce la in  cup ofapproximately 
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25 cc. capacity which lends itself to attachment to an aspirator system 

and subsequent vacuum filtration. Although customarily used for ordinary 

drying temperatures of 105 to 110' C., Gooch crucibles are used for 

temperatures as high as 1000° C. Other types, such as platinun, are used 

also. 

The flat circular base of the common Gooch crucible is perforated 

with openings about 0.7 m.n. diameter. Prior to the filtration of a 

sample a small portion of loose, uniform asbestos, which may be purchased 

especially for this purpose, is seated firmly on the bottom of the 

crucible, thus forming a complete cover over the base. This layer of 

asbestos serves as the filtering medium. Asbestos has proved very 

satisfactory for this use because of its inertness, resistance to heat, 

and low hygroscopicity. Gooch crucibles with asbestos mats are oven 

dried and cooled in a desiccator prior to securing a tare weight, for each 

time used. A detailed explanation of this procedure is given in the 

appendix. 

The alundum crucible, similar in size and shape to the Gooch 

crucible, is made of fused aluminum oxide and may be purchased in a plain 

or an ignition type. These crucibles are available in three porosities, 

porous, medium porosity, and dense; therefore, the selection depends upon 

the nature of the semples. Fig. 82 shows alundum crucibles installed 

with flasks in an aspirator system. 

Small crucibles of these types have a number of advantages which 

have made them popular in analyzing minute samples of fine-grained 

material. With very fine pores, produced through the use of asbestos or 

inherent in the crucible, the loss of material through them is generally 
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n e g l i g i b l e .  They a r e  l i g h t  i n  weight which tends  toward g r e a t e r  balance 

s e n s i t i v i t y .  The i r  t a r e  weights a r e  l e s s  s u b j e c t  t o  change wi th  change 

i n  atmospheric cond i t i ons  because l e s s  s u r f a c e  i s  exposed. The vacuum 

f i l t r a t i o n  i s  gene ra l ly  f a i r l y  r ap id  and under some degree of c o n t r o l .  

The U .  S .  Engineer Of f i ce  a t  Vicksburg, M i s s i s s i p ~ i ,  has developed equip- 

ment and technique t o  such  a  po in t  t h a t  t h i r t y  samples per  day can be 

analyzed by one man. A s  i s  the  case w i t h  t h e  f i l t e r  paper method, 

d i sso lved  m a t e r i a l  passes  through t h e  c r u c i b l e s  which e l imina te s  t h e  need 

of c o r r e c t i n g  f o r  i t .  

I n  c e r t a i n  i n s t a n c e s  t h e  ma te r i a l  may be so f i n e  t h a t  even under 

vacuum an unreasonably long f i l t e r i n g  time i s  necessary .  Under t h e s e  

condi t ions  it i s  sometimes more advantageous t o  r e s o r t  t o  t h e  a d d i t i o n  of 

a  f l o c c u l a t i n g  o r  adsorb ing  agent  and use  t h e  ord inary  sedimentat ion and 

decanta t ion  procedure. 

I f  t h e  sediment i s  extremely f i n e ,  an a c t u a l  l o s s  through the  Gooch 

o r  alundum c r u c i b l e s  may occur,  evidence of which i s  a  t u r b i d  f i l t r a t e .  

Th~ough  t h e  use of adsorbing agents  t h i s  c o l l o i d a l  ma te r i a l  may be 

r e t a ined  i n  t he  f i l t e r  f o r  i n c l u s i o n  i n  t h e  f i n a l  weight .  This  i s  a  

r e l a t i v e l y  common p r a c t i c e  i n  i n d u s t r i a l  chemistry,  water  pu r i f l - : a t i on ,  

and sewage t r ea tmen t .  The p r i n c i p l e  of a c t i o n  i s  l u g 2  g 7 n u t u a l  

a t t r a c t i o n  between t h e  adsorbing agent  and t h e  c o l l o i d a l  p a r t i c l e s  due 

t o  d i f f e r e n c e  i n  e l e c t r i c a l  charges.  Act ivated carbon has probably been 

t h e  most widely used agent .  Hjulstrom (47)  adopted t h i s  method f o r  

ana lyz ing  sediment samples conta in ing  a  s i g n i f i c a n t  percentage of 

c o l l o i d a l  s i zed  p a r t i c l e s ,  u s ing  succes s fu l ly ,  f i n e l y  ground a sbes tos .  

A predetermined weight was added t o  t h e  sediment sample p r i o r  t o  
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f i l t r a t i o n  and t h e  e n t i r e  sample shaken very  thoroughly. I n  a d d i t i o n  t o  

prevent ing  l o s s  through t h e  f i l t e r ,  t he  u se  of adsorbing a g e n t s  should 

reduce the  t ime of s e t t l i n g  and should prevent  t h e  f i l t e r  from c logging  

as r a p i d l y .  Accomplishing t h e  same purpose a s  a f l o c c u l a t i n g  a g e n t ,  

though probably l e s s  p o s i t i v e  i n  a c t i o n  and l e s s  e f f e c t i v e ,  i n e r t  

adsorb ing  agen t s  of low hygroscopic i ty  may be more advantageously used 

with c e r t a i n  t j p e s  of s ed inen t  samples because the  proper c o r r e c t i o n  f o r  

t h e  amount r e t a i n e d  i n  t h e  f i l t e r  i s  lrmown. 

52. F i l t e r  candles--Chamberlain-Fasteur f i l t e r  candles  have been 

s u c c e s s f u l l y  u s e d a t t h e  S o i l  Conservation Experiment S t a t i o n ,  S t a t e s v i l l e ,  

North Caro l ina ,  f o r  t h e  removal of water from water-sediment samples 

va ry ing  i n  concen t r a t ion  from a  f r a c t i o n  of a per  cen t  t o  more than  1 0  

pe r  cen t .  

F i l t e r s  o f t h i s  type  a r e  approximately 1.5 cm. i n  diameter  and 1 5  cm. 

long  and a r e  manufactured of unglazed po rce l a in  i n  a  number of grades  of 

po ros i ty .  A s u c t i o n  l i n e  i s  a t t a c h e d  t o  t h e  open end of t h e  f i l t e r  so  

t h a t  when t h e  f i l t e r  i s  immersed i n  t h e  water-sediment sample t h e  water  

w i l l  be drawn through t h e  f i l t e r  and i n t o  a  r e c e p t a c l e  placed i n  t h e  

s u c t i o n  l i n e .  The suspended sediment i s  r e t a i n e d  on the  s u r f a c e  of t h e  

f i l t e r .  k cons t an t  suc t ion  i s  maintained u n t i l  t h e  water i s  removed down 

t o  a  volume t h a t  can be convenient ly handled i n  an evapora t ing  d i s h .  The 

sediment c o l l e c t e d  on the  f i l t e r  i s  removed by r eve r s ing  t h e  p re s su re  

momentarily; however, i n  some i n s t a n c e s  it  has  been necessary t o  u s e  a  

brush.  

The method i s  r e a d i l y  adapted t o  t h e  mass reduct ion  of samples, 
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being l i m i t e d  only by the  equipment a v a i l a b l e .  From 2 t o  4 h r .  i s  

necessary  t o  reduce q u a r t  samples down t o  a  100 cc.  volume. 

For samples of small  volume and low concent ra t ion  the  use  of t h e  

f i l t e r  candle method would be l e s s  advantageous than t h e  Gooch o r  alundum 

c r u c i b l e  methods. In  t hese  l a t t e r  methods the  s o l i d s  a r e  r e t a ined  i c  t h e  

c r u c i b l e ,  thereby e l imina t ing  t h e  t r a n s f e r  i n t o  evaporat ion d i s h e s  and 

t h e  need f o r  evaporat ing the  r e l a t i v e l y  l a r g e  volume of water n e c e s s a r i l y  

used i n  t h e  f i l t e r  candle method. For samples of high concent ra t ion  

where clogging of t h e  c ruc ib l e s  might r e t a r d  t h e  f i l t r a t i o n  s e r i o u s l y ,  

f o r  samples of l a r g e  volume, o r  f o r  condi t ions  where a  number of  samples 

a r e  t o  be combined, the use of f i l t e r  candles  may be advantageousbecause 

of t h e  l a r g e  f i l t e r i n g  sur face  and t h e  ease of c l ean ing  t h i s  s u r f a c e .  

53. Cen t r i fuga l  method--The U .  S. Waterways Experiment S t a t i o n ,  

Vicksburg, Mis s i s s ipp i ,  has developed and used wi th  success  i n  i t s  model 

s t u d i e s  a c e n t r i f u g e  which i s  shown i n  Fig.  83, f o r  s epa ra t ion  of 

r e l a t i v e l y  coarse s o l i d s  from a  l a r g e  volume of water  (123) .  I n  ope ra t ion  

the  water-sediment i s  pumped i n t o  a  s t e e l  bowl which has around i t s  

circumference, a t  equal  i n t e r v a l s ,  Pyrex tubes i n  which t h e  sediment 

c o l l e c t s  a s  t he  appara tus  i s  r o t a t e d  a t  1800 r.p.m. The water-sediment 

mixture i s  pumped cont inuously i n t o  the  bowl with t h e  sediment c o l l e c t i n g  

i n  t h e  tubes and t h e  water overflowing i n t o  a  waste conta iner .  I f  t he  

m a t e r i a l  i s  no t  t oo  f i n e  an inf low r a t e  of 2 gal. /min. can be maintained 

and a  s a t i s f a c t o r y  separa t ion  accomplished with a  water-sediment mixture 

of 1 per  cent  concent ra t ion .  

The cen t r i fuge  mag be used i n  t h e  f i e l d  with c e r t a i n  types  of pump 
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Fig.  82--Alundum c ruc ib le s  i n s t a l l e d  i n  a s p i r a t o r  system. 

Fig.  83--Centrifugal "si l t  separa tor"  of t h e  U. S. Waterways 
Experiment S ta t ion ,  Vicksburg, Miss. 

FIGS. 82 & 83 
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samples, thereby s e p a r a t i n g  t h e  s o l i d s  from t h e  water  a s  t h e  sample i s  

c o l l e c t e d .  I t a l i a n  engineers  (128) have used such an arrangement on t h e  

Po River .  A s e r i o u s  disadvantage i s  t h e  amount and s i z e  of t he  necessary  

equipment. 

When the  sample i s  composed of very  f i n e  m a t e r i a l  c e n t r i f u g a l  f o r c e  

may be used i n  t he  o rd ina ry  sedimentat ion and decan ta t ion  procedure t o  

decrease  the  necessary  sedimentat ion t ime.  In  a d d i t i o n  t o  promoting more 

r ap id  separa t ion  of s o l i d s  from t h e  water,  such a procedure would 

e l imina te  t he  n e c e s s i t y  f o r  adding a f l o c c u l e n t ,  and consequently 

e l i m i n a t e  t h e  need f o r  adding an adsorbing agent .  General ly  t h e  o rd ina ry  

l a b o r a t o r y  which handles  suspended sediment samples l a c k s  the  necessary  

amount of  c e n t r i f u g a l  equipment. 

54. Opt ica l  methods--A r a t h e r  complete p r e s e n t a t i o n  of t h e  progress  

made i n  o p t i c a l  measurements, i . e . ,  measurements of absorp t ion  o r  

r e f l e c t i o n  of l i g h t ,  i n  p a r t i c l e  s i z e  a n a l y s i s  has  been presented i n  P a r t  

Two, Sec t icn  31. I n  t h e  d i scuss ion  i t  was poin ted  out  t h a t  a  l i g h t  

abso rp t ion  o r  r e f l e c t i o n  value obtained with t h e  pho to -e l ec t r i c  c e l l ,  

Tyndallmeter,  o r  any o t h e r  device i s  a func t ion  of bo th  p a r t i c l e  s i z e  and 

concent ra t ion ,  a s  we l l  as a number of o t h e r  f a c t o r s .  Thus, un le s s  t h e  

p a r t i c l e  s i z e  and d i s t r i b u t i o n  remain p r a c t i c a l l y  cons t an t ,  it i s  n o t  

p o s s i b l e  t o  use  an o p t i c a l  method i n  determining s o l i d s  concent ra t ion  of 

sediment samples. 

The continuous measurement of suspended sediment concent ra t ion  i n  

t h e  f i e l d  by means of hollow tube samplers wi th  a  pho to -e l ec t r i c  c e l l  

oppos i t e  a source of l i g h t  has been presented and d iscussed  i n  Report 
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No. 1, "Field Practice and Equipment Used in Sampling Suspended Sediment." 

Its unreliability due to changes in particle size and distribution has 

been pointed out. However, this equipment may be used to indicate 

changes in either or both the concentration or particle size of the 

sediment flow and thus serve as a guide as to the proper time to collect 

a representative sample. 

55. Displacement method--An indirect method of determining the 

weight of solids in a water-sediment sample without oven drying is 

described here as the displacement method. It embodies the same general 

procedure as that of determining specific gravity of solids, the major 

difference is in the method of calculation. The 7rocedure is to obtain 

the difference in weight between a volum? of water and an equal volume of 

water plus solids. To determine the specific gravity, the weight of solids 

is known which allows the difference in weight to be interpreted in terms 

of weight per unit volume. The displacement method for determining weight 

of solids requires that the specific gravity of ths material be known and 

that it be quite uniform. The difference in weight of equal volumes, one 

with water alone and one with water plus solids, allows a calculation of 

weight of dry solids. The easily developed expressions are: 

where Vs = actual volume occupied by solids in cc. 

w = difference in weight in gms. 

Sp = specific gravity of solids. 

Sw = specific gravity of water. 
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Weight of s o l i d s  = Sp Vs = Sp w 
( s p  - sw) 

Weight of s o l i d s  equals  1 . 6 0 6 ~  f o r  q u a r t z  p a r t i c l e s  (S equa l s  2.65) i n  
F 

water  (S, equals  1 . 0  w i t h n o s i g n i f i c a n t  change a t  o rd inary  tempera tures) .  

The obvious advantage of t h i s  method i s  t h e  r a p i d i t y  w i th  which the  

weight of t o t a l  immersed s o l i d s  can be determined s i n c e  oven d ry ing  i s  

no t  necessary.  I t  was used very succes s fu l ly  t o  determine t o t a l  s o l i d s  

i n  t h e  experimental  l abo ra to ry  s tudy  of sampler i n t a k e s ,  p resented  i n  

Report No. 5, llLaboratory I n v e s t i g a t i o n s  of Suspended Sediment Samplers." 

The accuracy of t he  method depends l a r g e l y  upon the  s e n s i t i v i t y  of 

t h e  balance a v a i l a b l e ,  t he  t o t a l  weight of s o l i d s  i n  t he  sample, and t h e  

co r r ec tnes s  of t he  s p e c i f i c  g r a v i t y  va lue  used f o r  t he  s o l i d s .  I n  u s ing  

t h i s  method ca re  must be exerc ised  t o  maintain t h e  same temperature i n  

both weighing b o t t l e s .  
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XVI. RELATION OF BASIC METHODS TO METHODS OF SIZE ANALYSIS 

56. Methods whereby individual size fractiohs are obtained--The 

size analysis methods presented in Chapter VIII can be advantageously 

separated into two divisions: 

a. Methods in which individual size fractions are obtained 
for individual oven drying and weight determination; these are 
the decantation, elutriation, fractional sedimentation, and 
centrifugal methods. 

b. Methods in which the sediment accumulates at the base 
of the sedimentation column and indirect observation for 
determination of particle size is made; these are the accumula- 
tive sedimentation balance, pipette, hydrometer, plummet, and 
manometer methods. 

In this section will be discussed the application of basic methods 

of determining total concentration to those size analysis methods whereby 

individual fractions are obtained. 

The dry weight of material in a fraction obtained in a size analysis 

method is obtained generally by the basic methods of sedimentation and 

decantation or crucible filtration. In the former a flocculating agent 

is sometimes added. The total concentration is obtained by summing up 

the dry weights of these individual fractions. 

The magnitude of the error in the weight of an individual fraction 

and in the final total weight obviously will depend upon the type of 

size analysis method used and the laboratory technicians care in 

conducting the analysis. 

57. Methods whereby sediment accumulates--Size analysis methods in 

which the sediment accumulates at the base of the sedimentation column 

offer fewer difficulties in accurately determining total concentration 
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than do o the r  methods, because t h e  t o t a l  volume of sediment i s  a v a i l a b l e  

r a - the r  than a f r a c t i o n .  Af te r  a l l  m a t e r i a l ,  except  t h e  extremely f i n e  

p a r t i c l e s  which may be f l o c c u l a t e d  o r  neglec ted ,  d e p o s i t s  a t  t h e  base of 

t h e  c o n t a i r e r ,  t h e  next  s t e p  i s  t o  decant  o f f  t h e  supe rna t an t  l i q u i d .  

Whether t h a t  b a s i c  method o r  a  f i l t e r i n g  method i s  used t o  complete t h e  

a n a l y s i s  w i l l  depend upoq t h e  cha rac t e r  of t h e  m a t e r i a l  and o the r  

s p e c i f i c  condi t ions .  

I n  t h e  p i p e t t e  method, t h e  weight of t h e  d ry  m a t e r i a l  i n  each 

a l i q u o t  obtained dur ing  t h e  s i z e  a n a l y s i s  must be included i n  t he  f i n a l  

answer. 

From t h e  s tandpoin t  of a t o t a l  s o l i d s  determinat ion,  t he  s i z e  

a n a l y s i s  methods which al low an accumulation of t h e  sediment embody more 

advantages than  do the  methods i n  which f r a c t i o n s  a r e  obta ined ,  because 

i n  us ing  such methods t h e r e  i s  no oppor tuni ty  f o r  accumulative e r r o r s .  

58. I n d i r e c t  methods--In add i t i on  t o  a l lowing  a  de te rmina t ion  of 

t o t a l  s o l i d s  u s ing  the  e n t i r e  amount of accumulated sediment, the p i p e t t e ,  

hydrometer, plummet, and manometer o f f e r  indirect methods. The procedure 

i s  t o  withdraw a  p i p e t t e  sample o r  secure  a  hydrometer o r  manometer 

reading immediately a f t e r  thoroughly and completely d i s p e r s i n g  t h e  

sediment throughout t h e  sedimentat ion column. The purpose of such a 

procedure i s  e i t h e r  t o  check a  t o t a l  s o l i d s  va lue  obtained by ana lyz ing  

t h e  e n t i r e  sample a t  t h e  completion of t h e  s i z e  a n a l y s i s  o r  t o  e l i m i n a t e  

e n t i r e l y ,  t he  f i n a l  a n a l y s i s  f o r  t o t a l  s o l i d s .  The e r r o r s  i n  t h i s  method 

inc rease  with t h e  s i z e  of t he  p a r t i c l e s  and wi th  t h e  time requi red  t o  

make t h e  observat ion.  
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Since the volume of the pipette sample is extremely small in 

relation to the entire sample, a serious magnification of errors is 

possible; however, it appears to be the best of these indirect methods 

for the determination of total concentration. The hydrometer and plummet 

arc affected by currents in the sedimentation column and take some time 

to steady sufficiently; this is particularly true of the ordinary 

hydrometer. The hydrometer is also difficult to read quickly and 

accurately because foam collects on the water surface and on the stem of 

the bulb. The manometer cannot be adjusted very rapidly nor is it easy 

to read accurately. 

The method used by the U. S. Engineer Office, First New Orleans 

District, and U. S. Waterways Experiment Station, Vicksburg, Mississippi, 

was to obtain a pipette sample imneuiately after a complete dispersion 

(122) in order to determine the total concentration before msking a size 

analysis. The samples analyzed were usually composites of four or five 

original samples varying in concentration from about f30 to 2000 p.p.m. 

The amounts of solids analyzed as one composite s~mple varied from 1.7 to 

5.7 gm. Generally, more than 95 per cent of the L~rticles were smaller 

than 0.074 mrn. in size and 60 per cent finer thhrl 0.008 mrn. 
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X V I I .  SUMMARY OF PART FOUP 

59. Summary--The p re sen ta t ion  and d i scuss ion  of methods ofde termin-  

i n g  t o t a l  concent ra t ion  has a p p l i e d  p r imar i ly  t o  suspended sediment 

samples because, wi th  t h e i r  low concen t r a t ions  and smal l  p a r t i c l e s ,  they  

u s u a l l y  o f f e r  f a r  g r e a t e r  l a b o r a t o r y  problems than  e i t h e r  samples of bed- 

load o r  depos i ted  m a t e r i a l .  

The g r e a t e r  accuracy and dependab i l i t y  of weight over volume measure- 

ments has  been s t r e s s e d ,  e s p e c i a l l y  a s  t he  sediment becomes f i n e r  

gra ined .  Oven d ry  s o l i d s  by weight expressed i n  per  cen t  o r  i n  p a r t s  per  

m i l l i o n  (p.p.m.) based on t h e  t o t a l  weight of t h e  sample i s  t h e  

recommended procedure. Recognizing t h a t ,  i n  c e r t a i n  i n s t ances ,  i t  i s  

more advantageous t o  determine, i n i t i a l l y ,  t he  c ,oncentrat ion based on 

only t h e  weight of water  i n  t h e  sample, o r  on a weight of t h e  e n t i r e  

sample c a l c u l a t e d  from i t s  t o t a l  volume by cons ider ing  a s p e c i f i c  g r a v i t y  

of t h e  e n t i r e  sample equal  t o  . l . O ,  c o r r e c t i o n  curves a r e  given, a s  shown 

i n  F ig .  81, t o  al low conversion t o  a t r u e  weight b a s i s .  

The a d d i t i o n  of a  f l o c c u l a t i n g  agent  t o  a suspension t o  p r e c i p i t a t e  

extremely f i n e  ma te r i a l  may be ob jec t ionab le  i n  t h a t  a  po r t ion  of t he  

f l o c c u l a t i n g  agent  may be incorpora ted  i n  t h e  f i n a l  d ry  weight ,  and t h a t  

some of t h e  d isso lved  s o l i d s  may be p r e c i p i t a t e 2 .  The problem l i e s  i n  

t he  d i f f i c u l t y  of determining an accu ra t e  c o r r e c t i o n .  

I n e r t  adsorbing mater a l s  r a t h e r  than f l o c c u l a t i n g  agents  have been 

used i n  c e r t a i n  i n v e s t i g a t i o n s  t o  c l a r i f y  suspensions of extremely f i n e  

sediment p a r t i c l e s .  In  a d d i t i o n  t o  promoting a  r a p i d  removal of t h e  

p a r t i c l e s  from t h e  suspension, t h i s  procedure prevents  a  l o s s  t h a t  may 
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occur  even through Gooch and alundum c ruc ib l e s .  F ine ly  ground a sbes tos ,  

thoroughly mixed wi th  the  sample, has proved extremely e f f i c i e n t  i n  

F inn i sh  i n v e s t i g a t i o n s  i n  adsorbing c o l l o i d a l  s i z e  m a t e r i a l .  

Methods of dete-mining t o t a l  concent ra t ion ,  adaptab le  e i t h e r  t o  t h e  

t o t a l  sample a s  it  a r r i v e s  i n  t h e  l abo ra to ry ,  t o  t h e  accumulated m a t e r i a l  

a t  t h e  base of a  sedimentat ion column, o r  t o  a  grade f r a c t i o n  obtained 

du r ing  the  course of t h e  s i z e  a n a l y s i s ,  a r e  desc r ibed  a s  b a s i c  methods. 

The most common methods employ sedimentat ion,  decan ta t ion ,  and evaporation, 

f i l t e r  paper,  acd Gooch o r  alundum c r u c i b l e s .  

Chamberlain-Pasteur f i l t e r  candles ,  a l though no t  used ex tens ive ly  

f o r  sediment samples, appear  t o  have, wi th  c e r t a i n  types  of samples, 

advantages over the  Gooch o r  alundum c r u c i b l e s .  Larger volumes and h igher  

concent ra t ions  may be handled because of t h e  g r e a t e r  f i l t e r i n g  su r f ace  

and the  ease  of c leaning .  

Op t i ca l  methods have n o t  proven s a t i s f a c t o r y  because t h e  absorbed o r  

r e f l e c t e d  l i g h t  v a r i e s  wi th  t h e  concent ra t ion  and with t h e  p a r t i c l e  s i z e  

of t he  sediment. 

The c e n t r i f u g a l  method has been used when a l a r g e  water-sediment 

volume has t o  be handled. I t  i s  e s p e c i a l l y  s u i t a b l e  t o  a  continuous 

inf low such a s  i s  obta ined  with pumping samplers. 

A r ap id  i n d i r e c t  method has been presented f o r  determining t o t a l  d r y  

weight without oven d ry ing  which i s  based on t h e  o rd ina ry  displacement 

procedure of determining s p e c i f i c  g r a v i t y .  In  t h i s  method t h e  s p e c i f i c  

g r a v i t y  of t he  m a t e r i a l  must be known o r  es t imated .  I n  a l a b o r a t o r y  

i n v e s t i g a t i o n  of samplers,  which i s  a phase of t h i s  p r o j e c t ,  t h i s  method 

was succes s fu l ly  used. 
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I n  add i t i on  t o  t h e  d i r e c t  methods of determining t o t a l  s o l i d s  i n  a 

sediment sample by t h e  a p p l i c a t i o n  of one of t h e  so-ca l led  bas i c  methods 

t o  t h e  t o t a l  accumulated ma te r i a l  a t  t h e  base of a sedimentat ion column 

o r  t o  a s i z e  f r a c t i o n  obta ined  dur ing  a  p a r t i c l e  s i z e  a n a l y s i s ,  t h e r e  a r e  

s e v e r a l  i n d i r e c t  methods a v a i l a b l e .  With t h e  p i p e t t e ,  hydrometer, 

plummet, and manometer methods of s i z e  a n a l y s i s ,  a sample, o r  readings  

obta ined  immediately a f t e r  a  complete d i spe r s ion ,  provides an index of 

t o t a l  concent ra t ion .  Of these ,  t h e  p i p e t t e  sample has been t h e  most 

widely used. 
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APPENDIX A 

DETAILED SIZE ANALYSIS PROCEDUBES 

60. Sieving--Standard procedures for sieve analysis have been 

developed for use in the size determination of concrete aggregates and 

other construction materials. The American Society for Testing Materials, 

-%(A.S.T.M.), has set forth standards that are generally accepted in 

engineering worl<. Vnkil some more satisfactory standards are devised, it 

seems adsvisable, as far as practicable, to adopt the A.S.T.M. standard 

sieve procedures in the study of sediments. 

In order to obtain uniformity it is advisable, also, to use sieves 

of the U. S. Standard Series, the openings of which have been given in 

Table 6. These sieves are the standard for the U. S. Government work and 

are rapidly being adopted in other fields as well. They conform to the 

A.S.T.M. specification, Designation: E 11-38T, "Tentative Specifications 

for Sieves for Testing Purposes (wire cloth sieves, round-hole and square- 

hole screens or sieves) " (13) . 
The following are details of the A.S.T.M. standard procedure: 

For the size analysis of all material larger than the No. 200 sieve 

(opening 0.074 mm.) the procedure given ink1.S.T.M. Designation: C 136 38T, 

"Tentative Method of Test for Sieve Analysis of Fine and Coarse Aggre- 

gates, It (10) applies. 

When a sample to be analyzed contains material finer than a 200 mesh 

sieve opening, that finer material is first washed from the coarser sieve 

by the standard procedure described in A.S.T.M. Designation: C 117-37, 

*Address - 250 S. Broad St., Philadelphia, Pa. 
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"Standard Method of Test for Determination of Amount of Material Finer 

Than No. 200 Sieve in Aggregates" (9). When it is desired to make 

separations according to some grade scale, which does not exactly match 

the No. 200 sieve, it will probably be desirable to depart somewhat from 

the A.S.T.M. specifications and use the nearest sieve conforming to the 

grade scale. 

The amount of sample increases with the coarseness of the material. 

For material which is at least 95 per cent finer than a No. 10 sieve 

(opening 2.0 mm.) a 100 gm. sample is specified. For material which is 

at least 90 per cent finer than a No. 4 sieve (opening 4.76 mm.) and more 

than 5 per cent coarser than a No. 10 sieve a 500 gm. sample is used. 

These weights are given for 8 in. diameter sieves. For larger sized 

material the minimum weights are tabulated below: 

Nominal maximum Minimum weight Nominal maximum Minimum weight 
size of particle of sample size of particle of sample 

in. kg. in. kg 

When the material contains particles both smaller and larger than a 

No. 4 sieve (opening 4.76 mrn.) a separation is first made with that sieve 

and then proper amounts of samples taken as are specified for those 

particle sizes. 

Other analysis requirements are: 

a. The balances should be sensitive to within 0.1 per 
cent of the initial weight of the sample. 
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b. When drying the sample the temperature should not 
exceed 110O C. 

c. The sieving specifications have been presented in 
section 37. 

61. Decantation--A great many decantation procedures havebeen used. 

One procedure which has been found quite satisfactory for the size analy- 

sis of suspended sediment samples was developed at the Iowa Institute of 

Hydraulic Research and is described as follows: 

a. General features--The distance from the top of the 
sedimentation column to the point of withdrawal or decantation 
was choseh for convenience at 16 cm. for the smallest fraction 
and 32 cm. for all other fractions. The total heights of 
cylinders were 20 cm. and 37 cm., respectively, with diameters 
7 cm. Stokes1 fall velocity law was used to determine the time 
required for particles of the limiting sizes to reach the with- 
drawal elevation and a chart was developed for determining the 
time values to use for various temperatures of the sedimenta- 
tion medium. 

Two 1/4 in. glass tube siphons were constructed so that 
the withdrawal elevation was either 16 cm. or 32 cm. from the 
top of the sedimentation column. The intakes of the siphons 
were funnel-shaped in order to withdraw the liquid from as wide 
an area as possible. Over the outlet ends of the siphons were 
fitted short pieces of rubber tubing to which were affixed 
pinch clamps. A short time before using a Siphon it was filled 
with water and left in an inverted position until placed in the 
sedimentation tube. This practice facilitated withdrawal 
because releasing the pinch clamp started the siphoning and 
eliminated any serious disturbance in the sedimentation column. 
In Fig. 14 are shown the sedimentation cylinders, siphons and 
other equipment used. 

Temperatures of the suspended medium were taken during 
each sedimentation period in order to determine the proper 
settling time so that any desired size separation was obtained. 

To inhibit flocculation the water used was either siphoned 
from the original settled sample (referred to as native water) 
or was distilled water, preferably the former. Tap water was 
found to be unsatisfactory. No pre-drying of the samples was 
made. 

In the procedure described the separation into size 
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f r a c t i o n s  proceeds from f i n e  t o  coarse p a r t i c l e s .  This pro- 
cedure i s  more advantageous than  i n  the  oppos i te  o r d e r  f o r  it 
e l i m i n a t e s  t h e  necessary  de l ay  which r e s u l t s  from lengthy  
s e t t l i n g  period of f i n e  ma te r i a l .  

b. Prepara t ion  of sample--The suspended sediment samples - 
were allowed t o  s tand  undisturbed i n  t h e i r  o r i g i n a l  f i e l d  
c o n t a i n e r s  u n t i l  complete s e t t l emen t  of t h e  sediment was 
a t t a i n e d .  The e n t i r e  sample and con ta ine r  were weighed and 
then  c l e a r  water (termed n a t i v e  water )  siphoned o f f  without  
d i s t u r b i n g  the  s e t t l e d  ma te r i a l  and saved f o r  t h e  a n a l y s i s .  
The sediment was next  washed i n t o  a  d i spe r s ion  cup, n a t i v e  
water  added u n t i l  2/3 f u l l ,  and t h e  suspension mixed f o r  2 min. 
The d i s p e r s i o n  equipment cons is ted  of an ord inary  malted milk 
mixer and a conta iner  f i t t e d  with f o u r  b a f f l e s  a s  s p e c i f i e d  i n  
t h e  A.S.T.M. Designation: D 422-381 (11). 

c .  Separat ion i n t o  fractions--Immediately a f t e r  t he  - 
d i s p e r s i o n  i n  t he  mixer t h e  suspension was poured i n t o  t h e  
s h o r t  sedimentation cy l inde r  and n a t i v e  o r  d i s t i l l e d  water 
added t o  f i l l  t he  cy l inde r  wi th in  l / 2  i n .  of t he  top .  This  1/2 
i n .  allowed f o r  t h e  r i s e  when t h e  siphon was i n s e r t e d .  A 
smooth rubber pad, backed by a  small  block w a s  he ld  f i r m l y  
a g a i n s t  t h e  top  of t h e  cy l inde r  and t h e  cy l inde r  i nve r t ed  and 
r i g h t e d  a number of t imes t o  d i s t r i b u t e  t h e  sediment throughout 
t h e  column. 

When the  d i s t r i b u t i o n  was s a t i s f a c t o r y  t h e  column was 
placed up r igh t  upon a f i rm  base simultaneously with t h e  
s t a r t i n g  of a stop-watch. The rubber  pad was removed and t h e  
s h o r t  siphon, f i l l e d  with water,  was i n s e r t e d  i n  t h e  cy l inde r .  
The s e t t l i n g  was allowed t o  proceed undisturbed f o r  t h e  l eng th  
of t ime requi red  f o r  a l l  p a r t i c l e s  l a r g e r  than t h e  sma l l e s t  
s i z e  d e s i r e d  t o  have s e t t l e d  p a s t  t h e  decanta t ion  l e v e l  ( a t  20° 
C .  a  2  h r .  s e t t l i n g  period f o r  p a r t i c l e s  0.005 mm. diameter ) .  
Then the  clamp on the  siphon was re l eased  and t h e  water  and 
f i n e  p a r t i c l e s  decanted i n t o  a  ga l lon  j a r .  

The cy l inde r  was r e f i l l e d  wi th  n a t i v e  o r  d i s t i l l e d  water 
and t h e  same d i spe r s ion  and s e t t l i n g  procedure repea ted .  A s  
p r ev ious ly  explained i n  Sec t ion  20, t h e  sediment remaining i n  a  
sedimentat ion tube inc ludes  f i n e r  m a t e r i a l  t h a t  d i d  n o t  have t o  
f a l l  t he  e n t i r e  he ight  of column so  t h a t  repeated decan ta t ions  
a r e  needed t o  obta in  a  s a t i s f a c t o r y  sepa ra t ion  i n t o  t h e  d e s i r e d  
s i z e  f r a c t i o n s .  In  Table 3 a r e  presented percentages of 
sma l l e r  s i z e  p a r t i c l e s  which s t i l l  remain a f t e r  a  c e r t a i n  
number of decanta t ions .  As used a t  t h e  Iowa I n s t i t u t e  of 
Hydraulic Research the  decan ta t ions  were repea ted  u n t i l  t h e  
s iphonings were c l e a r .  Three decanta t ions  were u s u a l l y  s u f f i -  
c i e n t  with the  type of sediment handled. 
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The e n t i r e  s iphonings from t h i s  f i r s t  s e p a r a t i o r  were 
r e t a i n e d  i n  a  g a l l o n  j a r  i n  which s e t t l i n g ,  sometimes aided by 
a  coagu.lazt, was allowed t o  proceed. When t h e  t o p  water was 
c l e a r  it  was siphoned o f f  and t h e  remaining sediment and water  
washed i n t o  a  po rce l a in  evapora t ing  d i s h ,  d r i e d  a t  110' C .  i n  
an e l e c t r i c  oven, cooled i n  a  d e s i c c a t o r ,  and weighed on an 
a n a l y t i c a l  ba lance .  

Immeaiately a f t e r  t h e  las t  decan ta t ion  o f t h e  f i n e  ma te r i a l  
t h e  remaining water-sediment was t r a n s f e r r e d  i n t o  t h e  t a l l e r  
(36 em.) sedimentat ion column. The same procedure as descr ibed  
f o r  t h e  f i r s t  f r a c t i o n  of f i l l i n g  with n a t i v e  o r  d i s t i l l e d ,  
d i spe r s ion ,  s e t t l i n g ,  decant ing,  and r e t e n t i o n  o f t h e  s iphonings 
f o r  f i n a l  a n a l y s i s  was repeated t h r e e  t imes f o r  each remaining 
s i z e  f r a c t i o n ;  t h e  only  v a r i a t i o n  be ing  decreased  i n  s e t t l i n g  
time. 

A s  ou t l i ned  t h e  procedure r e q u i r e s  over  8 h r .  a c t u a l  
s e t t l i n g  time f o r  a s i n g l e  a n a l y s i s  when f i v e  f r a c t i o n s  a r e  
obtained with t h e  s m a l l e s t  a t  0.005 mm., n o t  i n c l u d i n g  the  time 
t o  prepare t h e  i n i t i a l  sample and r e d i s p e r s e  it i n  t h e  
sedimentat ion column before  each decan ta t ion ,  s iphoning,  and so  
f o r t h .  

62,  Pipette--The gene ra l  p i p e t t e  procedure as app l i ed  t o  s o i l s  i s  

presented  i n  t he  U. S. Department of Agr icu l ture  Technica l  B u l l e t i n  No. 

170, 1930 (68).  A b a s i c  problem i n  t h e  t e x t u r a l  a n a l y s i s  of s o i l s ,  which 

may a l s o  be p re sen t  i n  t h e  a n a l y s i s  of depos i ted  sediment, i s  t h e  

d i s p e r s i o n  of t h e  m a t e r i a l  i n t o  i n d i v i d u a l  g r a i n s  o r  extremely small 

groups of c o l l o i d a l  s i z e d  p a r t i c l e s .  A s  def ined  i n  t h e  b u l l e t i n  proper  

d i s p e r s i o n  of s o i l s  i s  obta ined  when t h e  c o l l o i d a l  coa t ings  a r e  removed 

from s i l t  and sand g r a i n s  and t h e  aggrega tes  a r e  separa ted  i n t o  

i n d i v i d u a l  g r a i n s  o r  i n t o  a group of g r a i n s  n o t  g r e a t e r  i n  s i z e  than  

0.002 mm. A complete d i s c u s s i o n  of  d i s p e r s i o n  by chemical means i s  

presented i n  t he  b u l l e t i n .  

A f t e r  a pre l iminary  prepara t ion  of a 1 0  gm. sample which inc ludes ,  

p r i o r  t o  f i n a l  d i s p e r s i o n ,  a de termina t ion  of organic  ma t t e r  and t h e  
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exac t  weight of d r y  ma te r i a l ,  t he  sample i s  washed upon a 300 mesh Tyler 

s i eve .  The m a t e r i a l  passing i s  retained i n  a 1000 cc.  graduate  a c t i n g  a s  

+he sedimentat ion cy l inder .  The exac t  weight of s o l i d s  added is  

determined i n d i r e c t l y  from t h e  amount r e t a i n e d  on the  s i eve .  Af te r  t he  

suspension i s  s t i r r e d  with a motor dr iven p r o p e l l e r  and the  temperature 

determined, t h e  sedimentat ion i s  allowed t o  proceed. 

A s p e c i a l  25 cc .  p i p e t t e  operated by a r ack  and pinion i s  used t o  

c o l l e c t  a sample a t  a po in t  e x a c t l y  10 cm. below t h e  water su r f ace .  The 

time of sampling i s  determined by Stokes t  law cons ider ing  the  temperature 

du r ing  t h e  sedimentat ion period. The time requi red  t o  f i l l  t he  p i p e t t e  

under even suc t ion  i s  approximate1.y 40 see .  The contents  of t he  

sedimentat ion column were s t i r r e d  a f t e r  each sample; a procedure t h a t  was 

i n v e s t i g a t e d  by Rit tenhouse (87) and found t o  be unnecessary i n  rou t ine  

p i p e t t e  ana lys i s .  

Deta i led  i n s t r u c t i o n s  and procedure f o r  t h e  p i p e t t e  method of 

p a r t i c l e  s i z e  a n a l y s i s  of sedinent  samples a r e  presented by the  U. S.  

Waterways Experiment S t a t i o n ,  Vicksburg, Mis s i s s ipp i ,  i n  typewri t ten  

ins t ruc t ions-*  t i t l e d ,  "Mechanical Analysis  of Sediment Samples by P i p e t t e  

Method a s  Used i n  t h e  S o i l  Mechanics Laboratory." The fol lcwing informa- 

t i o n  has been e x t r a c t e d  from t h i s  a r t i c l e :  

a .  Apparatus--"The sedimentation chamber c o n s i s t s  of a 
plain-glass c y l i n d e r  2 inches i n  diameter  and 12  inches higli, 
with pour-out a t  top.  Capaci ty approximately 500 cc." 

"The p i p e t t e  c o n s i s t s  of a l eng th  of 12 mm. g l a s s  t ub ing  
drawn out  a t  t h e  bottom t o  the  proper l e n g t h  t o  conta in  about  
10 cc.  of suspension when submerged t o  a depth  of 15 em. The 
t o p  i s  drawn out  t o  al low connection of a s h o r t  l e n g t h  of 
rubber tub ing  t o  which i s  a t t ached  a s p r i n g  pinch clamp. The 
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p i p e t t e  i s  surrounded by an a d j u s t a b l e  wooden c o l l a r  which 
g r i p s  t h e  p i p e t t e  s l i g h t l y ;  a small s t r i p  of waterproof t a p e  i s  
placed on t h e  p i p e t t e  a t  a d i s t a n c e  of 1 5  cm. from t h e  end. 
I n  t a k i n g  an  a l i q u o t  specimen t h i s  c o l l a r  r e s t s  on t h e  t o p  of 
t h e  g l a s s  cy l inde r ,  and t h e  p i p e t t e  i s  pushed downward through 
t h e  c o l l a r  u n t i l  t he  t ape  mark co inc ides  .wi th  t he  su r f ace  of 
t h e  suspension.  When t h e  s p r i n g  pinch-clamp i s  re leased  a t  t h e  
proper  t ime,  t h e  suspension f i l l s  t h e  p i p e t t e  t o  t he  t ape  mark; 
t h e  rubber  tub ing  i s  pinched shu t ,  t h e  p i p e t t e  and c o l l a r  
removed and t h e  contents  emptied i n t o  the  specimen conta iner . "  

"The con ta ine r s  used f o r  weighing and evaporat ing t h e  
a l i q u o t  specimens a r e  weighed g l a s s  specimen v i a l s  of 4 gram 
capac i ty .  I d e n t i f i c a t i o n  numbers a r e  etched i n t o  the  s i d e s  of 
t h e  v i a l s  by means of an a b r a s i v e  marking ma te r i a l ;  t h i s  type 
of con ta ine r  has  a small,  f a i r l y  cons tan t  weight which a l lows  
weighing t h e  sediment r e s i d u e  a f t e r  evaporat ion of water t o  
0.0001 gm." 

Three d i f f e r e n t  balances were used so  t h a t  a c o n s i s t e n t  
accuracy of t h r e e  s i g n i f i c a n t  f i g u r e s  was obta ined  r ega rd l e s s  
of t h e  weight. A t r i p  balance ( s e n s i t i v i t y  1 gm.), a t o r s i o n  
ba lance  ( s e n s i t i v i t y  0.05 gm.) , and an a n a l y t i c a l  balance 
( s e n s i t i v i t y  0.0001 gm.) were used,  r e spec t ive ly ,  t o  weigh t h e  
t o t a l  sample, t h e  p i p e t t e  a l i q u o t ,  and the  sediment r e s idue  
from ind iv idua l  a l i q u o t s .  

b .  Procedure--"The sample i s  allowed t o  s e t t l e  and t h e  
superna tan t  l i q u i d  slphoned o f f  a s  completely a s  poss ib le  i n t o  
a 500 ml. graduated cy l inde r  and i t s  volume noted. The sediment 
r e s i d u e  and small amount of water l e f t  therewith i s  mixed, 
poured i n t o  a 100 cc.  graduate  and i t s  volume noted. The sum 
of t h e s e  two volumes i s  taken a s  t h e  weight o r  volume of t he  
sediment sample. The ma te r i a l  i n  t h e  small  graduate  i s  
t r a n s f e r r e d  t o  t h e  weighed g l a s s  sedimentation c y l i n d e r  and 
washings from the  graduate  and o r i g i n a l  sample con ta ine r  added 
t h e r e t o ,  so  t h a t  a l l  sediment i s  now contained i n  t h e  l a t t e r .  
S u f f i c i e n t  d i s t i l l e d  water i s  added t o  br ing  t h e  volume t o  
approximately 400 c c , ,  t h e  cy l inde r  and contents  weighed, 
mixed thoroughly and s e t  a t  r e s t  on a f i r m  t a b l e .  An a l i q u o t  
apecimen i s  taken immediately before  any apprec iab le  s e t t l i n g  
occurs  t o  determine t h e  t o t a l  sediment conten t ,  a n d a t  i n t e r v a l s  
of t ime af terward s u f f i c i e n t  t o  g ive  the  des i r ed  number and 
spac ing  of po in ts  on the  gra in-s ize  distribution curve.  The 
fo l lowing  schedule i s  used f o r  r o u t i n e  t e s t s  a t  t he  Experiment 
S t a t i o n :  10  sec.,  1 min., 4 min., 30 min., 2 h r . ,  5 h r s . ,  24 
hr., 48 h r .  The amount of sediment i n  suspension a t  each time 
of sampling i s  ca l cu la t ed  from t h e  weight of suspension i n  t he  
c y l i n d e r  and i n  each a l i q u o t  specimen, and t h e  weight of 
sediment r e s i d u e  i n  each a l i q u o t  specimen. These a r e  r e f e r r e d  
t o  t h e  amount obta ined  from t h e  f i r s t  a l i q u o t  t o  obta in  
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percentages of the sample finer than the corresponding grain 
sizes calculated from the depth of sampling, specific gravity 
of sample and observed temperatures using Stokes1 Law. The 
original concentration of sediment in the sample as received 
may be obtained, if desired, by referring the weight of 
sediment at the beginning of test to the original volume or 
weight of sample. The total weight of sediment in the sample 
may be checked, if desired, by evaporating the suspension left 
after the test and adding to the weight of residue obtained the 
weights of residue removed in the aliquot specimens." 

"The procedure as outlined zbove is applicable to sediment 
samples containing moderate amounts of dissolved matter and 
small amounts of sand. If large amounts of dissolved matter 
are present, the sample will be flocculated; the original water 
siphoned off is tested to determine dissolved content and its 
volume replaced by distilled water. The sample is mixed 
thoroughly and allowed to settle again. The supernatant water 
is again siphoned off, and the process repeated until the 
sample is deflocculated. Correction may be made for dissolved 
matter by applying to the original dissolved content appropri- 
ate dilution factors (ratio of volume of sample after dilution 
to volume left before dilution) . 

"In the case of samples containing an amount of sediment 
in excess of about two grams, it is best to analyze a 
representative portion of the sample. If the amount of 
sediment is less than 0.5 gm., two or more samples should be 
combined for analysis .I1 

c. Limitations--!!It (the pipette method) has been found 
applicable to sediment samples containing as little as 0.5 gm. 
of sediment, corresponding to a sediment concentration of 
approximately 1090 p.p.m. for a pint sample; analyses of 
samples containing much less than this amount do not yield 
accurate results. The optimum amount is 1 to 2 grams per 
analysis, corresponding to a sediment concentration of approxi- 
mately 2000 t.o 4000 p.p.m. for a pint sample. Amounts of 
sediment in excess of this are liable to flocculation in the 
volume of water used in the analysis." 

63. Hydrometer--The standard hydrometer method of particle size 

analysis for soils is set forth in detail in A.S.T.M. Designation: 

D 422-38T, "Tentative Method of Mechanical Analysis of Soilsw 1 ) .  The 

procedure applies to the common type of hydrometer as illustrated in Fig. 

52 and 53 and individual correction curves, to facilitate interpretation 
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of hydrometer readings  i n t o  p a r t i c l e  s i z e ,  a r e  given f o r  bo th  hydrometer 

s c a l e s ;  t h a t  i s ,  s p e c i f i c  g r a v i t y  o r  grams per  l i t e r .  A d e t a i l e d  

procedure f o r  chemical and mechanical d i spe r s ion  i s  given f o r  s o i l s  bu t  

obviously t h i s  w i l l  va ry  cons iderably  with types  of sediment samples. 

A cons tan t  temperature bath i s  s p e c i f i e d  i n  t h e  s tandard  procedure. 

However, t h i s  is  o f t e n  e l imina ted  by ob ta in ing  temperature readings  

immediately before  each hydrometer reading .  Standard readlngs  a r e  taken 

a t  1, 2, 5 ,  15, 30, 60, 250, and 1440 min. a f t e r  t h e  start of t h e  

sedimentat ion.  Depending upon the  c h a r a c t e r  of t h e  m a t e r i a l  and type of 

i n v e s t i g a t i o n  these  have been var ied  somewhat i n  sediment s t u d i e s .  

Correc t ions  due t o  temperature v a r i a t i o n s  from 67O F.  a t  which t h e  

hydrometers were c a l i b r a t e d ,  depth of immersion ( c e n t e r  of volume changes 

as d e n s i t y  dec reases ) ,  s p e c i f i c  g r a v i t y  v a r i a t i o n s  from 2.65, t h e  

s p e c i f i c  g r a v i t y  of m a t e r i a l  f o r  which t h e  hydrometers were c a l i b r a t e d ,  

and v i s c o s i t y  of t h e  suspending medium which v a r i e s  with temperature,  a r e  

e a s i l y  app l i ed  through t h e  use  of c o r r e c t i o n  curves and t a b u l a r  forms. 
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DETAILED TOTAL 

APPENDIX B 

CONCENTRATION METHODS 

64. Gooch crucible--The U .  S. Geological Survey has used r a t h e r  

ex tens ive ly  the  Gooch c r u c i b l e  f i l t r a t i o n  method a s  a means of sepa ra t ing  

s o l i d s  from water i n  suspended sediment samples. The genera l  procedure* 

i s  a s  follows: 

The f i r s t  s t e p  upon rece iv ing  a sample i n  t h e  l a b o r a t o r y  
i s  t o  determine i t s  t o t a l  weight, a f t e r  which the  sample i s  
allowed t o  remain undisturbed f o r  a reasonable period of time. 
I f  n o t  c l e a r  a t  t h e  end of t h a t  period a known amount of 
coagulant i s  added ( 1  t o  3 cc. of 10% H C 1  s o l u t i o n ) ,  and another  
sedimentation period allowed. A t  t h e  end of e i t h e r  t h e  first 
o r  second s e t t l i n g  per iod  the  c l e a r  water i s  decanted o f f  and 
the  sediment washed i n t o  a beaker. After  a s h o r t  s e t t l i n g  time 
i n  t h e  beaker another  decanta t ion  i s  made, i f  poss ib le .  The 
contents  i n  the  beaker a r e  then ready f o r  t r a n s f e r  t o  t h e  Gooch 
c ruc ib le .  

Af ter  the  a sbes tos  mat i s  prepared, the  c ruc ib le  i s  heated 
a t  1 1 0 O  C .  f o r  one hour, cooled i n  a des i cca to r ,  and weighed 
f o r  t h e  determinat ion of the  t a r e  weight. Af ter  the  c r u c i b l e  
i s  i n  place i n  the  suc t ion  system the  sediment i s  washed i n t o  
it and the  f i l t e r i n g  a c t i o n  proceeds. When completed the  
c ruc ib le  and con ten t s  a r e  heated a t  110° C. f o r  one hour, 
cooled i n  a des i cca to r ,  and weighed. 

I f  t he  f i l t r a t i o n  i s  determined t o  be too  slow wi th  the  
Gooch c ruc ib le  the  ord inary  sedimentation, decanta t ion ,  and 
evaporat ion procedure i s  used. 

The Gooch c ruc ib le  procedure a s  used i n  Finland, incorpora t ing  t h e  

u s e  of an adsorbing agent  i s  described by Hjulstrom (47) as fo2lows: 

a .  Prepara t ion  of cr~cible--~'O'n t h e  bottom h a s  been 
placed a r a t h e r  t h i c k  and hard compressed l a y e r  of l o o s e  and 
uniform asbes tos ,  through which a t  l e a s t  one l i t e r  of water  has 
been passed i n  order  t o  wash away a l l  t he  loose  p a r t i c l e s  i n  
t h e  a sbes tos  l aye r .  I n  order  t h a t  the  c ruc ib le  i t s e l f  should 
show t h e  same weight a t  t he  var ious  weighings it had a l r eady ,  
before the  f i r s t  weighing (before the  f i l t e r i n g ) ,  t o  undergo 
t h e  same treatment  which it should undergo before the  fo l lowing 

......................................................................... 
*Typewritten (unpublished) i n s t r u c t i o n s  by S.K.Love, da ted  Nov. 27, 1940. 
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weighings. Thus it was heated t o  red-heat  f s r l 5  miniltes a f t e r  
t h e  f i l t e r  had been placed and washed o f f .  Af t e r  cool ing  of f  
i n  t h e  o p n  a i r  about  300 cc .  of d i s t i l l e d  water  were f i l t e r e d ,  
t h i s  p a r t l y  i n  o rde r  t o  cause t h e  a s b e s t o s  t o  adsorb water,  
p a r t l y  f o r  t h e  removal of p a r t i c l e s  and loose  mat te r  nade f r e e  
du r ing  t h e  hea t ing .  Af t e r  t h i s  t he  c r u c i b l e  was l e f t  t o  d ry  i n  
a d ry ing  c l o s e t  a t  a temperature of 110' C . f o r  2-l/2 hours,  
a f t e r  which it was allowed t o  cool  i n  a d e s i c c a t o r  f o r  45 
minutes; f i n a l l y  it  was weighed." 

b 
b e i n g  
0.3 gm 

. Prepara t ion  and add i t i on  of adsorbing agent--"After 
heated t o  a red-heat  and cooled o f f  i n  a d e s i c c a t o r ,  . asbes tos  i s  weighed i n  a plat inum c ruc ib l e ;  when the  

water i s  very muddy a l i t t l e  more a sbes tos  i s  added:% -:t -% * 
I t  has, beforehand, been cooked with s t r o n g  hydrochloric  a c i d  
and then c a r e f u l l y  washed, and a l l  t h e  hard lumps have been 
removed and t h e  a sbes tos  loosed with a p a i r  of p ince r s  so t h a t  
i t  i s  uniform and loose .  Af te r  t h e  a sbes tos  has been t r ans -  
f e r r e d  i n t o  t h e  water-sample, t h i s  i s  shaken e n e r g e t i c a l l y  f o r  
20 minutes and then f i l t e r e d  through a weighed Gooch crucible. ' !  

c .  Filtering--Vacuum f i l t r a t i o n  was conducted through the  
use  o f  a water s u c t i o n  pump connected t o  a suc t ion  b o t t l e  
having t h e  Gooch c r u c i b l e  mounted above with a i r - t i g h t  rubber 
connect ions.  A cont inuous,  automatic  feed  i n t o  the  c ruc ib l e  
was secured by having an a i r - t i g h t  connection between t h e  top  
of t h e  c r u c i b l e  and a g l a s s  tube  extending i n t o  t h e  sample 
b o t t l e .  Af t e r  t h e  automatic  f eed  no longer  func t ioned  because 
of too  shallow a dep th  i n  t he  sample b o t t l e  t h a t  equipment was 
removed and a l a r g e  por t ion  of t h e  remaining water-sediment 
t r a n s f e r r e d  by p i p e t t e .  Then t h e  b o t t l e  w a s  washed th ree  o r  
more times wi th  d i s t i l l e d  water u n t i l  a l l  t he  sediment w a s  
t r a n s f e r r e d  t o  t h e  f i l t e r .  

d .  Drying and wei~thing--At t he  completion o f t h e  f i l t e r i n g  
t h e  c r u c i b l e  w a s  d r i e d  f o r  2-1/2 hr .  a t  110' C. i n  the  dry ing  
c l o s e t ,  cooled i n  t h e  d e s i c c a t o r  f o r  45 min., and weighed oc a 
ba lance  s e n s i t i v e  t o  0.001 gm. I n  t h e  f i n a l  c a l c u l a t i o n  t h e  
amount of a s b e s t o s  added as an adsorbing agen t  is,  of course,  
sub t r ac t ed  from t h o  weight of m a t e r i a l  r e t a i n e d  i n  t he  f i l t e r ,  

65. Alundm crucible--Alundum c r u c i b l e s  wi th  vacuum f i l t r a t i o n  a r e  

used ex tens ive ly  i n  t h e  a n a l y s i s  of suspended sediment samples by t h e  

U. S. Engineer Department, Vicksburg, Miss i ss ippi .  The procedure i s  very  

similar t o  t h a t  desc r ibed  f o r  t h e  Gooch c r u c i b l e  wi th  t h e  except ion t h a t  

no a s b e s t o s  mat is  used. 
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fX. F i l t e r  paper--After t r y i n g  a number of va r ious  methods t h e  

Tennessee Valley Author i ty  has  found t h e  f i l t e r  paper  method of  making a 

t o t a l  s i l t  concen t r a t ion  a n a l y s i s  t o  be t h e  most s a t i s f a c t o r y .  The 

procedure i s  as fol lows:  

a. P repa ra t ion  of samples--Suspended s i l t  samples a r e  
d e l i v e r e d  t o  t h e  l abo ra to ry  i n  p i n t  milk b o t t l e s .  Each b o t t l e  
i s  wiped c l ean  of a l l  mud and d i r t  and t h e  b o t t l e  cap removed. 
The p i n t  b o t t l e  of s i l t y  water  i s  weighed on a balance which i s  
accu ra t e  t o  one gram. This  weight i s  recorded  as t h e  g r o s s  
sample weight.  

b. P repa ra t ion  of f i l t e r  papers--For s epa ra t ion  of s i l t  
from t h e  water  i n  t h e  sample, fo lded  f i l t e r  papers  18.5 cm. i n  
diameter  a r e  used. To r e t a i n  c o l l o i d a l  s i l t  each f i l t e r  paper  
i s  covered wi th  Kaolin and placed i n  a permanently numbered 
ointment can. Twelve of t h e s e  f l a t  t i n  cans,  l e f t  p a r t l y  
uncovered, a r e  placed on a meta l  s h e l f  i n  an  e l e c t r i c  d r y i n g  
oven where they  a r e  allowed t o  remain f o r  one and one-half 
hours  a t  a cons t an t  temperature of 110° C .  The cans a r e  then  
removed, c losed  and placed i n  a d e s i c c a t o r  where they  a r e  
allowed t o  coo l  f o r  one-half hour.  Then each can, with t h e  
enclosed f i l t e r  paper,  i s  weighed on a Chainomatic balance 
which i s  a c c u r a t e  t o  0.0001 gm. The r e s u l t i n g  weight i s  
recorded as the  t a r e  f i l t e r  weight.  

c .  Separa t ion  of s i l t  by f i l t r a t i on - -The  samples a r e  
p laced  on a bench i n  f r o n t  of a f i l t e r i n g  r ack  hold ing  g l a s s  
funne l s ,  and t h e  cans a r e  placed on a s h e l f  above and behind 
t h e  rack .  Each f i l t e r  paper i s  then  removed from i t s  can, 
placed i n  an  8-ounce r ibbed  g l a s s  funne l ,  and unfolded.  A 
rubber  s toppe r  with a 6-in.  g l a s s  tube  through t h e  middle i s  
placed i n  t h e  neck of each sample b o t t l e .  The p i n t  b o t t l e s  a r e  
then i n v e r t e d  on t h e  r ack  so  t h a t  t he  end of each g l a s s  tube  i s  
a t  a p o i n t  below t h e  t o p  of t h e  f i l t e r  paper wi th in  t h e  g l a s s  
funnel ,  a f t e r  which t h e  samples a r e  allowed t o  f i l t e r b y g r a v i t y .  

When a l l  of t h e  water  from t h e  sample has dra ined  i n t o  t h e  
f i l t e r  paper ,  t h e  b o t t l e  i s  removed from t h e  rack.  The s toppe r  
i s  removed and t h e  s i l t  adher ing  t o  i t  washed i n t o  t h e  f i l t e r  
paper by a stream of t a p  water from a wash ' bo t t l e .  A f t e r  
adding 20 cc .  of t a p  water ,  t he  s i l t  adher ing  t o  t h e  i n s i d e  of 
t h e  sample b o t t l e  i s  loosened with a g l a s s  rod t o  which i s  
a t t ached  a "rubber policeman" which c o n s i s t s  of two p i eces  of 
rubber  t i r e  patching. The s i l t  i s  washed i n t o  the  f i l t e r  paper  
by means of t h e  wash b o t t l e .  The empty b o t t l e s  a r e  weighed i n  
t he  same manner as were t h e  samples and t h e  weights recorded as 
t a r e  weights .  



d. .Drying and weiphina e,rs  and s i l t - -After  all the  
w a t e r h a s  run through the  filt:; the  papers a r e  folded and 
returned t o  t h e i r  respect ive  cans. Twelve cans, p a r t l y  
uncovered, a r e  placed again on a metal shelf  i n  a pre-drying 
oven set  a t  70° C.  After two hours i n  the pre-dryer, the  cans 
and papers a r e  removed and t ransferred t o  the constant  
temperature oven where they remain f o r  an hour and a hal f  a t  
110° C. The drying is  done i n  two stages i n  order t o  avoid 
t rans fe r r ing  moisture from wet t o  dry  samples. In t h i s  way 
individual  samples can be placed i n  the  f i n a l  dryer a t  any time 
and withdrawn a f t e r  the prescribed drying period. They a r e  
then removed t o  a desiccator and cooled f o r  30 min. The cans 
and papers containing the  s i l t  a r e  weighed on the ana ly t i c a l  
balance and the  r e su l t s  recorded a s  gross f i l t e r  weights. 

e .  Calculating and repor t ing results--On the  work sheet  
the  n e t  sample weights and ne t  f i l t e r  weights a r e  obtained by 
subtraction.  To calcula te  the  concentration of s i l t  i n  pa r t s  
per mill ion,  the n e t  f i l t e r  weight i s  divided by the  n e t  sample 
weight and the decimal point moved s i x  places t o  the  r i gh t .  
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